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Abstract

The zeolite material ZSM-5 was combined with Tenax TA, a porous polymer adsorbent, to form a thin film
microextraction (TFME) device that was used as a novel alternative tool for headspace (HS) volatile organic
compound (VOC) extraction and preconcentration. The ZSM-5/Tenax TA film deposited on a cylindrical aluminium
rod (AR) substrate exhibited superior properties for the adsorption and preconcentration of chloroform, hexane,
cyclohexane, benzene, and toluene compared with those of a conventional Tenax TA film when applied in both the
direct and HS extraction modes. The advantages of the fabricated device include its enhanced chromatographic
performance and consequently lower detection limits for certain VOCs, the improved retention of compounds in the
film (possibly enabling its application for both HS and direct extractions from aqueous solutions), the exceptional
simplicity of its fabrication, and its robustness. The use of the film for HS extraction leads to increased application life-
time, film stability and shorter preparation times, because drying step is not necessary. Desorption of the adsorbed
VOCs was achieved by heating in a conventional Curie point injector for less than 2 min.

It should be noted that the catalytic properties of the zeolite can be disadvantageous at high VOC concentrations
(e.g., 100 pM); abundant background peaks as a result of a range of saturated and unsaturated hydrocarbons
generated via catalytic degradation of adsorbed compounds at high temperature in the presence of ZSM-5 appear
in the gas chromatograph. This effect is still visible at concentrations as low as 10 pM, but does not influence the
measurement results. Thus, safe and accurate analyses are achievable at the liquid VOC concentrations in the
submicromalar range, which is sufficient for a number of important analytical applications (e.g., detection of VOCs

in waste water).
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Introduction

Solid-phase microextraction (SPME) is a sample preparation
technique possessing several advantages over traditional analytical
methods such as the convenient integration of extraction,
preconcentration, and sample introduction. This technique is
rapid and solvent-free in some cases; however, SPME may be quite
expensive when it is automated. Since its introduction, SPME has been
successfully applied in many fields such as environmental, food, and
drug analyses [1].

The principle of SPME is based on the difference in the interactions
of analytes with the sample matrix and the extraction phase (coating)
via absorption or adsorption (depending on the nature of the coating).
The extraction selectivity and efficiency of SPME mainly depend on the
coating’s physical properties (porosity and specific surface area) and
size, as well as its interactions with the analytes (chemical properties).
For large sample volumes, the amount of analyte extracted, n can be
expressed by the following equation:

n=K, VC, (1)

where K is the distribution constant of the analyte between the
extraction phase and the sample matrix, V, is the volume of the
extraction phase, and C, is the initial concentration of the analyte in
the matrix [2].

Because the amount of analyte extracted using SPME is proportional
to the volume of the extraction phase (eq. 1), the sensitivity of a method
can be improved by increasing the volume of the extraction phase.
Thus, an increase in the coating thickness can increase the volume of the
extraction phase and therefore improve the sensitivity of the method;

however, a longer equilibration time (depending on the diffusion of the
analyte in the coating material) is needed. As a result, the best option
for increasing the volume of the extraction phase and the sensitivity
of the method is to use a thin extraction phase with a larger surface
area [3]. In other words, the extraction phase should have a large
surface area-to-volume ratio to provide enhanced sensitivity without
sacrificing analysis time [3]. It is also possible to increase the sensitivity
using highly porous materials for which a change in the thickness will
not significantly reduce the mass transport and diffusion of analytes in
the coating.

To achieve effective detection of the analytes that are present at trace
levels, a preconcentration step is typically introduced during sample
preparation for gas chromatography-mass spectrometry (GC-MS)-
based analytical methods. The performance of any preconcentration
technique is generally characterized by the term known as the
preconcentration factor (PF) that can be defined as ratio between the
analyte concentration in extraction phase after extraction finished (C)
and in initial concentration in sample (C).
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Tenax TA, poly(2,6-diphenyl-p-phenylene oxide), is a well-known
porous polymeric material that is widely used as an adsorbent for
analyte preconcentration prior to gas chromatography analysis. This
linear polymer is soluble in lower chlorinated hydrocarbons and
insoluble in alkanes, alcohols, ketones, etc. Tenax TA has also been used
as a stationary phase in gas chromatography [4] because it has various
outstanding features, such as high thermal stability (up to 350°C),
relatively low water retention, and resistance to oxygen (does not require
purification of the carrier gas) [5]. The majority of chromatographic
applications use the material in the form of microsized beads packed
in volatile organic compound (VOC) preconcentration tubes. Alfeeli et
al. however, recently demonstrated that Tenax TA can also be used in
the form of a thin film [6,7] for the same preconcentration purposes.

ZSM-5 zeolite, initially developed by Mobil Oil Company,
belongs to high-silica crystalline alumosilicates with wide application
as zeolite-based catalysts and sorbents [8]. On the molecular level,
ZSM-5 has a tetrahedral structure of [SiO,]* and [AlO,]* forming
porous, three-dimensional crystals with pore sizes of 0.56x0.54 nm in
the axial direction “a” and 0.55%0.51 nm in the axial direction “b” [9].
Therefore, molecules with sizes smaller than the pores of ZSM-5 can
enter and be adsorbed by the zeolite with equilibrated retention. Many
different application of ZSM-5 and its composites were reported in
scientific literature, mainly related to the catalytic applications such as
bulky conversion, isomerization of organic molecules [10,11], enzyme
carriers [12] also for selective adsorbtion and filtration, for instance,
recovery of alcohols from complex mixtures [13] gas separation [14],
and for other relevant areas.

To the best of our knowledge, in this study, a composite film
thin film of ZSM-5 and Tenax TA was employed for the first time
as an extraction phase for the equilibrium-based extraction [15] and
preconcentration of organic solvents from aqueous media. Films
deposited via dip coating onto homemade aluminum rods (ARs)
were tested in both direct and headspace (HS) extraction modes.
Hydrophobic organic solvents that are common hazardous pollutants
in the chemical laboratory and often the subject of environmental
exposure were chosen as model analytes.

Experimental
Materials

Tenax TA beads were purchased from GL Science (cat. 1002-
31106). According to the manufacturer information on Tenax TA, a
specific surface area is 35 m?/g, a density is 0.25 g/cm’, a pore volume is
2.4 cm3/g, and an average pore size is 200 nm [5].

Chloroform (purity=99%, M =119.38 g/mol) purchased from
Tokyo Chemical Industry Co., Ltd. was used as the solvent for
film preparation without additional purification. ZSM-5 powder
(8i0,/A1,0,=30, Lot 110421) was purchased form JGC Catalysts
and Chemicals Ltd. Methanol (99.8%, purchased from Wako Pure
Chemical Industries Ltd.) was used to prepare a dispersion of ZSM-
5. All of the chemicals used to prepare the VOC solutions and their
important parameters are listed in Table 1. As a stock solution, the 10
organic solvents in Table 1 were mixed in equal molar amounts (0.1
M). Acetone (99.5%, Cat.No. 01026-00), dichloromethane (99%, Cat.
No. 10158-00), diethyl ether (99%, Cat.No. 14134-01), 1-pentanol
(98.5%, Cat.No. 01335-00) and 1-octanol (99.5%, Cat.No. 31013-08)
were purchased from Kanto Chemical Co. Hexane (97%, 17922-65)
and toluene (99%, 34121-25) were purchased from Nacalai Tesque.
Benzene (99.8%, 027-14525) and benzaldehyde (98%, 025-12206) were
purchased from Wako Pure Chemical Industries, Ltd. Cyclohexane
(99.5% Cat. N0.000-19243) was purcahsed from Kishida Chemical Co.
All of the compounds were used as purchased without purification.

Adsorbtion device fabrication

Homemade ARs with diameter d=0.3 cm and length /=2 cm were
fabricated by cutting cylinders from a thick aluminium wire purchased
from a local store. The rods were cleaned via sonication in ethanol
(10 min) with subsequent plasma treatment (4 min). Prior to film
deposition, the ARs were subjected to etching in 1 M sodium hydroxide
(20 min) and then rapidly washed with pure water and dried in nitrogen
gas. Thin films were deposited on the obtained cylindrical ARs, and the
surface area of the rod and respectively thin film deposited on it was
approximately 2 cm?

Figure 1 schematically shows all of the steps required for fabrication
of the adsortption device. ZSM-5 films were deposited in a manner
similar to described in reference [16] via sequential dip coating of the
AR (immersion speed: 100 mm/min, start-up time: 0 s, lifting speed: 100
mm/min) in 0.1 g/mL zeolite in a methanol solution (which was slowly
stirred during deposition). The films were dried at room temperature
in air between each dipping, and the operation was repeated several
times (5 or 10 cycles) to prepare a thick coating. The ARs with the fine
ZSM-5 coating were then placed in an electric furnace and baked at
500°C for 3 h to strenthen the zeolite film via sintering.

A 100 mM (1.89 wt%) solution of Tenax TA in chloroform was
used to apply thin flat films of Tenax TA via dip coating with a nano
dip-coater device (SD1, immersion speed: 2 mm/s, start-up time: 10
s, lifting speed: 2 mm/s, room temperature in air). Tenax TA coatings

# vocC Mw Density b.p. Water Polarity m/z Retention
solubility index* time
g/mol g/mL °C wt.% (at 25°C) min:s
1 Acetone 58.08 0.7844 56.067 infinite 0.355 58 05:27
2 Hexane 86.117 0.65484 68.736 0.00123 0.009 86 07:07
3 Cyclohexane 84.161 0.77389 80.73 0.010 0.006 56 09:53
4 Dichloromethane 84.933 1.31678 39.64 1.30 0.309 84 06:22
5 Diethyl ether 74.122 0.70782 34.431 6.04 0.117 74 05:05
6 Benzene 78.113 0.8736 80.094 0.1791 0.111 78 11:10
7 Toluene 92.14 0.86219 110.63 0.0515 0.099 91 16:41
8 Benzaldehyde 106.124 1.04013 178.75 0.3 n.a. 106 27:45
9 1-Pentanol 88.149 0.8108 137.983 2.19 0.568 55 27:46
10 1-Octanol 130.23 0.82157 195.156 0.0538 0.537 55 28:35

*Relative polarity index values were extracted from Christian Reichardt, Solvents and Solvent Effects in Organic Chemistry, Wiley-VCH Publishers, 3" ed., 2003

Table 1: List of VOCs tested in the adsorption experiment.
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Figure 1: Schematic representation of all steps of thin-film microextraction
(TFME) device fabrication.
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Figure 2: Schematic description of the analytical method used in the
current study. Extraction of VOCs was conducted using a thin film coated
on an aluminum rod (TFME-AR). Sampling options used with the TFME-AR
included (a) HS extraction and (b) direct extraction from the liquid (aqueous)
sample. Thermal desorption from the solid phase was performed in a Curie
point injection device. Finally, the extract was introduced in the GC-MS for
separation and tentative identification.

Figure 3: Optical microscopy images of the (a) original AR surface, (b) AR
surface after etching in the NaOH, (c) AR surface with a ZSM-5®/TenaxTA®"
film, and (d) a photo of the AR covered with a ZSM-5®/TenaxTA® film.

directly applied to theARs were used as controls. Composite films
were also prepared by dip coating the ARs with ZSM layers into the
same Tenax TA solution in chloroform. Before using the ARs for VOC
adsorbtion, they were baked three times in a Curie Point Injector (CPI)
device at 220°C to remove any residual solvent from the Tenax TA
coating.

VOC sample collection

The stock solution containing 10 VOCs was diluted with water to
prepare different aqueous concentrations (100 uM, 50 puM, 10 puM, 1
uM, 500 nM, 100 nM, 50 nM, 10 nM, 5 nM, 1 nM, and 500 pM), and
15 mL of each solution was placed in a 50 mL sample bottle. AR with
the composite ZSM-5/Tenax TA film was attached to the bottle cap for
HS extraction, as shown in Figure 2a. VOC collection was conducted
at room temperature for 30 min with stirring the solution. After the
collection, the AR was inserted into a quartz tube wrapped in pyrofoil,
and the VOCs were thermally desorbed in the CPI by flushing with
extra pure He and heating to 220°C. The gas extract was then directly
introduced into the GC-MS inlet for analysis. In addition, the same
adsorption device was tested in direct extraction mode. In this case,
the rod was placed inside the sample at room temperature without
stirring, as shown in Figure 2b. After extraction, the rod was washed
with water and dried with nitrogen. Thermal desorption and analysis
was conducted as described above.

GC-MS conditions

GC-MS program: the injector and GC-MS interface temperatures
were maintained at 220°C and 210°C, respectively. The oven
temperature program is as follows: 40°C for 1 min, increased at 3°C/
min to 105°C, further increased at 15°C/min to 200°C, maintained
for 5 min (total GC program time: 34 min). He gas was used as the
mobile phase at a flow-rate of 1.5 mL/min. The capillary column was
AQUATIC (25% phenyl-, 75% methylpolysiloxane middle-polarity
stationary phase, 60 m length, 0.25 mm inner diameter, with 1.4 um
film thickness) purchased from GL Sciences.

The temperature of the MS ion source was maintained at 200°C.
The initial cut-off time for MS recording was 1 min, and the mass
spectrometer was operated in electron impact (EI) ionization mode at
70 eV. Data acquisition was performed in the full scan mode from m/
2=24-220 with a scan time of 300 ms. Selected ion chromatograms with
m/z=characteristic ions of each compound were used for quantitative
information extraction. Compounds were identified by both retention
time and comparison to the National Institute of Standards and
Technology (NIST) mass spectral library using JEOL software (Version
1.0.3208.25600).

Results and Discussion

Film morphology

Figure 3 shows optical microscopy images of ARs surface before
preparation, after etching, and with a deposited film. The unevenness
that developed after etching is assumed to enhance the physical
attachment of the ZSM-5 [11]. The adhesion of the ZSM-5 to the
surface roughness’s of the AR for a 5-cycle ZSM-5 coating can be seen
in optical microscopy and ordinary photography images in Figures
3c and 3d, respectively. Figure 4 shows analogous scanning electron
microscopy (SEM) images of ARs before treatment, after etching,
and with a deposited film. As can be seen in Figures 4c and 4d, the
ZSM-5 is quite uniformly attached to the surface, and a very rough
and macroporous surface is obtained. A finished device with a ZSM-
50)/Tenax TA™ film is shown in Figure 4d; however, the Tenax TA
coating cannot be seen because the polymer readily penetrates into the
ZSM-5 coating and appears to cover the ZSM-5 powder nanoparticles
with a nanoscale polymeric layer. Figure 5 shows high-resolution field
emission SEM images of a ZSM-5/Tenax TA film on a Si wafer. In
Figure 5a, it can be seen that the surface of the Si wafer is uneven, which
suggests the presence of the Tenax TA film, considering the typical flat
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Figure 4: SEM images of (a) original AR surface, (b) AR surface after etching in
NaOH, and (c) and (d) AR surface with a ZSM-5®/TenaxTA™film with high and
low magnification, respectively.

Figure 5: High-resolution field emission SEM images of ZSM-5("9/Tenax TA
on a Si wafer: (a) a cross-sectional image (film thickness, approximately 30
um), (b) highly uniform and porous surface of the film, (c) and (d) images after
coating the Tenax TA polymeric phase that is penetrated into the film from
the top surface of ZSM-5 layer to the bottom (irregular shape agglomerates

between cubic ZSM-5 crystals are supposed to be the polymer).

surface of silicon wafers is expected. The surface of the entire film can
be seen in Figure 5b; the thickness of the film is approximately 30 pm,
and there are numerous irregularities at the nanoscale level. Notably,
in Figures 5¢ and 5d, it can be seen that the quasi-cubic ZSM-5 crystals
are covered with the Tenax TA film.

Influence of the preparation parameters on the film thickness
and mass

The amount of deposited ZSM-5 is also significantly important to
increase the amount of absorbed Tenax TA. Figure 6 shows the increase
in weight of the coating after deposition of ZSM-5 or Tenax TA alone
and when both were applied. As can be seen from the figure, when the
film was prepared without ZSM-5, the amount of Tenax TA deposited
after one dip-coating cycle was 110 pg, but when 5- and 10-cycle ZSM-
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Figure 6: (a) AR mass change due to film deposition and number of cycles for
Tenax TA®, ZSM-5), ZSM-5®)/Tenax TAM, ZSM-5(9, and ZSM-5(9/TenaxTA™"
films.

5 coatings were first deposited, the amount of Tenax TA employed by
the same dip coating was 330 and 660 g, respectively. Thus, the thicker
the zeolite coating, the bigger Tenax TA loading in the composite can
be achieved. This result indicates that more polymers can be loaded
onto a thicker macroporous ZSM-5 coating because the polymer
adheres not only to the surface but also penetrates into the pores of the
entire ZSM-5 coating.

Analytical performance of the TEME device

Ten VOCs were evaluated to determine the possibility of using the
fabricated adsorption device for extraction. First, chromatographic
separation of all of the compounds was confirmed via direct injection
into the GC. Next, it was determined what of the compounds could be
detected at low concentrations in aqueous solutions. Figure 7 shows
a fragment of the reconstructed ion chromatogram obtained after HS
extraction of a 5 uM aqueous solution of the ten VOC:s listed in Table 1.
As can be seen in the figure, six compounds were clearly detected at this
concentration. It should be noted that all of the compounds were highly
hydrophobic. Non-hydrophobic compounds (ethyl ether, acetone,
and 1-pentanol) were not detected effectively because of their high
mobility inside the column used and partially good solubility in water.
Zeolites generally operate by two possible adsorption mechanisms:
physical adsorption into the pores and electrostatic adsorption due
to the negative charge on the zeolite. For the selected compounds, the
only possible mechanism is adsorption into zeolite pores; however, in
the presence of Tenax TA, adsorption by the polymer is also possible.
Therefore, it is believed that the combination of ZSM-5 with Tenax TA
enhances the adsorption because the polymer creates a protective layer
and helps retain the VOCs in the ZSM-5 pores.

Comparison of the GC-MS performance of ZSM/Tenax TA
and Tenax TA films

GC-MS analysis results for ZSM-5/Tenax TA-coated ARs were
compared with those for ARs with only a Tenax TA coating. It was
found that in direct extraction mode, when with the ZSM-5/Tenax TA
system was more effective for dichloromethane, hexane, cyclohexane,
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Figure 7: Reconstructed chromatogram (m/z=84, 57, 56, 78, 91, and 77) for HS extraction of the 5 uM sample using the ZSM-5("/Tenax TA extraction device.
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Figure 8: GC-MS results for the detection of 10 organic solvents: comparison of Tenax TA direct extraction and ZSM-5(9/Tenax TA(" direct and HS extractions.
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Figure 9: Calibration data measured using TFME-AR for toluene, benzene, benzaldehyde and 1-octanol dissolved in water.

benzene and toluene than that with the Tenax TA-coated AR device.
However, the adsorption of diethyl ether, acetone, 1-pentanol,
1-octanol, and benzaldehyde was reduced for the hybrid device.
Therefore, it can be concluded that the fabricated material possesses
a certain level of chemical selectivity regarding the tested VOCs. In
addition, the adsorption phase was observed to be highly hydrophobic,
and as a result, adsorption from the HS was even greater as indicated
by an increase in the peak areas in the GC-MS chromatograms for the
mentioned compounds. Using the ratios of the peak areas obtained
from the ZSM-5/Tenax TA and Tenax TA direct extractions, the
relative adsorption factor for each compound was calculated, and the
results are presented in Figure 8. In particular, an increase of 24.7, 6.7,
and 7.1 with the ZSM-5/Tenax TA hybrid thin film was observed for
CHC13, CH,, and CH, respectively.

The GC-MS results for the AR with only a ZSM-5 film also
provided interesting information. Namely, other compounds were
observed in the gas chromatogram (e.g., the small peaks in Figure 7)
that could not be assigned as contaminants in the zeolite or Tenax TA
or impurities in the sample matrix. Specifically, various hydrocarbons,
including both saturated chains from C4 (e.g., butane) to C12 (e.g.,
methyl undecane) and benzene derivatives, were detected. However,
this finding was relevant only when the concentration of VOCs in
the sample was relatively high, i.e., the peaks significantly increased
both qualitatively and quantitatively. Zeolite is known as an effective
thermal catalyst, and it is therefore believed that the catalytic activity of
ZSM-5 leads to the thermal degradation (transformation) of adsorbed
compounds.

Finally, the calibration data for compounds that were well detected
using the described method are shown in Figure 9. Using the peak areas,
the limits of detection (LODs) were calculated from the calibration
curve cross section for a blank signal, and the highest LODs were found

for benzene and toluene (151 and 146 nM, respectively). This result
suggests that the ZSM-5 pores are particularly favorable for loading
these compounds and thus exhibit selective adsorption.

Conclusions

SPME has proven to be effective for many analytical tasks,
particularly those related to the VOC analysis of environmental
samples. However, the conventional geometry of the SPME devices in
the form of thin glass fibers with deposited sorptive coatings has certain
drawbacks. Patented technology is not yet sufficiently cheap or robust
to be applicable for harsh matrices, and single-use options have not yet
been demonstrated. In addition, new materials are needed to extend
the applicability of sorptive devices to a larger array of analytes. In this
study, it was demonstrated that a gas sorptive coating can be readily
applied onto a cheap aluminum substrate. The combined use of ZSM-
5 zeolite with Tenax TA further improves the sensitivity of the Tenax
TA for thin-film extraction. This was achieved by the extraction phase
volume increase not altered diffusion because of the high porosity of
the ZSM-5. As shown on the example of model VOCs, it is possible
to preconcentrate and detect certain compounds present in aqueous
matrices at very low concentrations, meeting the needs of real-life
applications.
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