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ABSTRAC T

Metal-organic frameworks as porous materials are highly advantageous 
over other porous carriers like mesoporous silica or zeolites. They provide 
advantages for biomolecule release and their adsorption characteristics 
offer many opportunities. Thus, they present high applicability in medicine 
and biology. Metal-organic frameworks (MOF) possess appealing struc-
tures and usages including high surface area, homogenous structured 
nanoscale cavities, and excellent thermal stability. Therefore, they can be 
a new sorbent alternative for preparing samples. In the present study, a 
MOF fiber application for solid-phase microextraction is reported. The 
MOF fiber is in nano size and has a high surface area. 3D and oriented or-
ganizations of MOF materials are vital so that they may be utilized as the fi-
ber coating for microextraction in solid-phase for volatile substances in the 
medicinal herbs. In order to make Cu-based MOFs into three-dimension-
al hierarchical nanoarray structures, a coordination replication approach 
is created. To this end, Cu(OH)2 nanorod arrays are used as a sacrificial 
template. Cu(OH)2 nanorod arrays serving as Cu origin provided coordi-
nation with organic ligands for forming MOF crystals and 3D substrate for 
supporting Cu-based MOF growth. Following the presentation of the fiber, 
essential oils of Satureja hortensis L were determined using GC-MS. Ease 
of use, shorter analysis period, inexpensive tools as well as a high rate of 
recovery are advantages of the proposed approach compared to ordinary 
analysis approaches.
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INTRODUCTION
Due to remarkable adsorption characteristics 

and associated applications of MOFs like gas storage, 
sensing, separation, drug transfer, and catalysis, 
they have recently drawn considerable attention 
[1]. Self-assemblage between organic ligands 
and metal ion forms MOFs. These frameworks 
are considered polymers due to their infinite 
coordination-bonded structures. They consist of 
metal ions which function as connectors or nodes 

and make bridges to ligands functioning as linkers 
[2]. The efficiency of MOFs for analytical chemistry 
is high owing to their exceptional characteristics, 
including homogenous structured nano-scale 
cavities, high adsorption affinity, large surface area, 
suitable thermal stability, pore topology, distinctive 
structures, and usage in pore functionality, and 
outer-surface modification [3]. In addition, these 
frameworks have open metal sites, which notably 
allow improved molecule adsorption with varying 
polarity [4, 5].
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The tailored nanoporous strong MOFs, in 
contrast to the more common microporous 
inorganic materials like zeolites, are made by self-
assembly and have a very large surface area (over 
5000 m2 g-1). They use metal ions as coordination 
centers and are linked together by a variety of rigid-
rod-like organic bridging ligands. Through this 
structure, MOFs are given open metal sites within 
the skeleton, organic functioning, great mechanical 
and thermal stability, and customizable options. 
MOFs are used successfully in energy conversion 
and gas capture due to their ultrahigh porosity, 
crystalline nature, controlled pore size, and highly 
structured structures.

Due to the synergistic effects between the 
functional units, it is also possible to create 
improved composites by rationally mixing MOFs 
with other functional substances. These composites 
will outperform their individual components. 
Further, a variety of nanostructured MOFs have 
been investigated as precursors for the synthesis 
of various nanomaterials, ranging from carbon-
based materials to metal-based compounds (such 
as oxides, carbides, phosphides, and chalcogenides) 
with regular porous architectures. The significant 
advantages of MOF-based compounds 
in component adjustment and structural 
enhancement are reflected in the development of 
MOFs derivatives [6-11].

Solid-phase microextraction (SPME) 
is a sampling method and is regarded as a 
preconcentration approach, with such features 
as a quick diffusion rate, solvent-free and high 
enrichment factor. SPME was originally presented 
for analyzing volatile substances at trace levels. 
Particularly, headspace solid-phase microextraction 
(HS-SPME) is directly in relationship with the 
analytes, and has a large enrichment factor. Thus, 
it is regarded as a sampling method appropriate 
for volatile substances. It has been reported that 
the extraction performance is determined by the 
nature of SPME coatings [12,13].  

Hence, the focus of most recent studies on 
SPME has been on preparing and characterizing 
novel sorbents with improved selectivity and 
sensitivity for specified analytes, as well as notable 
mechanical and chemical stability. MOF coating 
applicability was evaluated in the present study. 
For this purpose, an SPME device made in the 
laboratory and GC–MS were used to extract and 
determine volatile substances from medicinal 
herbs.

EXPERIMENTAL 
Reagents and materials

All solvents and terephthalic acid used in 
this study were obtained from the Fluka (Buchs, 
Switzerland, www. sigmaaldrich.com) or Merck 
(Darmstadt, Germany, www. merck.de) companies. 
The aerial parts of Satureja hortensis L were 
harvested in July 2019 near the city of Maragheh, 
in the northwest of Iran. The plant materials were 
dried in the air and stored in sealed bags in a cool 
place.

Hydrodistillation (HD) apparatus and procedure 
Air-dried aerial sections of Satureja hortensis 

L (100 g) were powdered. Then, a Clevenger- 
type device was used for hydrodistillation for two 
hours. In short, the herb was plunged into water, 
and it was then warmed up to the boiling point. At 
this stage, the essential oil vapor and water vapor 
were provided for which a condenser was used 
to collecting them. The distillate isolation and 
drying were done over anhydrous sodium sulfate. 
The storage temperature for the resulting oil was 4 
°C, and it was ten analyzed by GC-MS. Based on 
the sample dry weight of 0.28% (w/w), the yield 
of yellow oil was obtained from aerial sections of 
Satureja hortensis L.

Apparatus
For determination, a Hewlett-Packard Agilent 

7890A series GC and an Agilent 5975C mass-
selective detector system, and a split/splitless 
injector were employed. MS operation mode was 
EI (70 eV). Helium (99.999 %) served as a carrier 
gas with a flow-rate of 1 mL min−1. A 30 m×0.25 
mm HP-5 MS column was used for separation. 
The column film thickness was 0.25 μm. The 
temperature in the column was 50 °C which was 
raised to 180 °C at the rate of 15 °C min−1. It later 
was increased to 260 °C at the rate of 20 °C min−1, 
and the temperature stayed at this degree for five 
minutes. The temperature of the injector was 260 
°C, and injection operations were all performed on 
the splitless state for two minutes. The ion source 
temperature, GC–MS interface temperature, and 
quadrupole temperature were 230, 280, and 150 
°C. Wiley 7 N Mass Spectral Library was used 
for identifying compounds. Acquisition and 
quantification of mass spectra for the compounds 
were conducted in the selected ion monitoring 
(SIM) mode. A Seron AIS-2100 SEM was utilized 
for the observation of the morphological structure 
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of developed nanocomposites. A domestic SPME 
tool was employed to hold and inject the prepared 
fiber into the GC–MS injection port. The fiber 
conditioning in the injection port of a GC was 
carried out for one hour. The identification 
of volatile oil components was performed by 
calculating retention indexes of the components 
under temperature-programmed circumstances 
for n-alkanes (C6–C24) and the oil on an HP-
5MS column under identical circumstances. To 
identify compounds individually, the mass spectra 
of compounds were compared with the internal 
reference mass spectra library or with original 
compounds and approved by comparing their 
retention indexes with original compounds or with 
the values given in previous studies. The library 
was made by the use of pure substances or with 
original compounds and approved by comparing 
their retention indexes. Gas chromatograms were 
used for obtaining Kovats’ retention indexes of 
the components. For this purpose, interpolation 
between bracketing n-alkanes was done. 

Cu wire anodization method
Cu(OH)2 nano-rod arrays were synthesized on 

commercial cu wires using a modified anodization 
approach presented by Xu et al. [14]. Detergent 
solution was used for degreasing and cleaning Cu-
wires (with a length of 10 cm, 200 mµ O.D.). For 
the removal of organic contaminating materials 
and oxide layer, they were diluted by HCl solution 
in ambient temperature using an ultrasonic bath 
for one minute. Afterward, they were washed with 
methanol and deionized water, and then an oven 
was used for drying them at 50 ºC. Then, Cu(OH)2 
nanotube arrays were synthesized on Cu substrate 
through direct copper anodization in 3.0 M KOH 
solution. A constant current approach at a constant 
current density (3mA cm-2) was employed for 
25 minutes in a three-electrode system. In this 
system, an SCE and a platinum electrode served 
as the reference electrode and auxiliary electrode. 
Afterward, anodized wires were removed from 
the solution. Finally, the wires were cleansed using 
distilled water and dried. 

Synthesis of hierarchical MOF on Cu nanoarrays 
Xu et al. presented an anodization technique 

for synthesizing Cu(OH)2 nanorod arrays[14]. A 
simple solvothermal path helps MOF formation 
on Cu(OH)2 nanorod template. Typically, 20 mmol 
of terephthalic acid (H2BDC) is diffused in benzyl 

alcohol (16 mL) in a Teflon stainless-steel autoclave. 
Then, Cu(OH)2 nanorod arrays on 5 cm Cu wire 
are put in the solution. The autoclave is placed in 
the oven in 100 °C temperature for 20 hours after 
sonication. Afterward, the autoclave was cooled 
naturally to ambient temperature. At the end, the 
blue film was rinsed with fresh methanol, and it 
was dried for three hours at 60 °C. For cleaning 
and conditioning the developed SPME fiber, it was 
placed into a GC injection port at 260 °C for one 
hour in a helium medium.

The headspace MOF solid phase microextraction 
(MOF-HS-SPME) procedure

SPME was conducted with synthesized 
nanocomposite fiber, which was mounted on its 
SPME apparatus. A thermo-stated water bath was 
utilized for controlling extraction temperature. 
The retained compounds on fiber were thermally 
desorbed at 260 °C while keeping close the injector’s 
split valve on the GC at varying time periods. The 
powdered plant (3 g) was delivered into a round 
bottom flask (25 mL) placing on a magnetic stirrer. 
The SPME probe having analytes from the sample 
was taken out of the vial when extraction time 
was reached. For thermal desorption, it was then 
inserted into the GC injection port.

RESULTS AND DISCUTION 
MOFs as the porous materials are highly 

advantageous over other porous carriers like 
mesoporous silica or zeolites. They provide 
advantages for biomolecule release and their 
adsorption offer many opportunities. Thus, 
they present high applicability in medicine and 
biology. In the present study, MOF application for 
extracting essential oils from Satureja hortensis was 
investigated. SPME fiber was used for examining 
the impacts of various factors, including the 
temperature of extraction, extraction time, and 
sample weight on the amount of volatile oils 
extracted from the herb.

Temperature impact
Fig. 1 indicates the results for different 

extraction temperatures (50-100◦C), where the 
extraction temperature impact on the total peaks 
of the resulting compounds and individual peaks 
of the four substances extracted from Satureja 
hortensis is indicated. The extraction temperature 
significantly affects the extraction as it influences 
the distribution coefficients of substances between 
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headspace and sample and between fiber and 
headspace. As observed, the total peaks and the 
individual peaks showed an increase with the rise 
in temperature up to 85◦C for fiber.

Extraction time impact
Fig. 2 indicates the variation in the extraction 

time between 15 to 60 minutes. It shows the same 
trend between individual peaks and the total peaks 
of the target substances, implying the tendency 
of peaks with extraction time. The individual 
peaks profile, as well as the total peaks profile, 
demonstrate that the highest peak was obtained at 
40 minutes. Longer extraction times did not show 
any impact on the extraction efficiency.

Sample mass
There is generally an increase in analyte signals 

by the rise in the amount of sample. However, it 
should be noted that a very large amount of sample 
influences the efficiency of extraction. Furthermore, 
the larger sample amount does not mean better 
outcomes. In this paper, the range of the sample 

amount was 1.0-3.0 g. Fig. 3 indicates the impact 
of sample amount on the individual and total peaks 
related to four compounds. With increasing the 
sample amount to 3 g, a rise was also observed in 
the individual and total peaks. In the case that the 
sample amount meets the sensitivity condition, it 
can be an appropriate criterion for analysis. A large 
sample amount could sometimes make a problem 
in sampling in a MOF-SPME procedure. Its reason 
is the static adsorption of sample powder to the 
fiber, particularly in cases of using a fine-powdered 
sample for an assay.

Added water 
Because of this structure, water vapor 

(humidity) could be influenced by the ability of the 
fiber for adsorbing volatile substances of Satureja 
hortensis. Thus, varying amounts of water was 
added to samples under optimal circumstance so 
that the humidity impact can be examined, the 
results of which are illustrated in Fig. 4. In other 
words, the water molecules are able to block the 
active areas, resulting in deactivation of the fiber 

 

 

Fig. 2. Effect of extraction temperature on extraction efficiency. 
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Fig. 1. Effect of extraction time on extraction efficiency 

 

  

Fig. 1. Effect of extraction time on extraction efficiency

 

 

Fig. 3. Effect of sample weight on extraction efficiency. 
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Fig 4: GC chromatogram for volatile oils 

 

  

Fig 4: GC chromatogram for volatile oils
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Table 1. Constituents of oil of Satureja hortensis L

a Retention indices using a HP-5 MS column.
b Relative area (peak area relative to total peak area) for hydrodistillation method.
c Relative area (peak area relative to total peak area except for the solvent peak) for SPME method.
d RSD values for SPME method (relative peak area).

surface. Hence, the fiber proposed here can serve 
as an optimal adsorptive fiber for sampling from 
dried materials. 

MOF-HS-SPME of Satureja hortensis
The optimized MOF-HS-SPME conditions were 

applied to the extraction and concentration of the 
volatile constituents in Satureja hortensis with this 
fiber. The  volatile  compounds of Satureja hortensis 
were  extracted and  concentrated  by  MOF-HS-
SPME (Fig. 4),  and then the analytes that were 
exracted on  fiber  was  desorbed  and  analyzed 
by  GC–MS. The components  were  identified,  and   

listed in Table  1.  To investigate the reproducibility 
(fiber-to-fiber) and repeatability (for one fiber), 
five fibers were made in our work under the 
same circumstances and five repeated tests were 
performed utilizing each fiber. Table 1 represents 
the determined R.S.Ds.

Based on these data, good repeatability is 
found for the method. The relatively high fiber-to-
fiber R.S.D. (≤9 %) shows that the coating volume 
probably differs considerably between fibers. 
Hence, improving the coating process is essential 
to ensure uniform and reproducible thickness. 
However, the made SPME fiber is mechanically 
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stable and it does not require to utilize various 
fibers in the analysis. The SEM shows the structure 
and morphology in Fig. 5.

CONCLUSION   
The present paper investigated the MOF wire 

efficiency as fiber for solid-phase microextraction 
of volatile substances in a medicinal herb. The 
suggested approach helped identification of 31 
substances from Satureja hortensis. MOF-HS-
SPME/GC–MS provides an efficient, quick, simple, 
and solvent-free approach for analyzing essential 
oils of Satureja hortensis as well as other herbs 
with a small sample amount compared to ordinary 
HD approach. The approach proposed here is 
an environment-friendly approach as it does not 
use any toxic solvent. Hence, no solvent peak is 
present in the chromatogram. The proposed fiber 
provides such advantages as inexpensiveness, 
high-temperature resistance, long durability, and 
hardness. This fiber was utilized here for the first 
time for analyzing volatile substances in medicinal 
herbs.
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