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Abstract. In this study, we developed a needle trap
device packed with HKUST-1 (Cu-based metal-organic
framework) for the sampling and analysis of benzene,
toluene, ethylbenzene, and xylene (BTEX) in ambient air
for the first time. The HKUST-1 was synthesized via the
electrochemical process. Afterwards, the adsorbent was
packed into 22 gauge needles. To provide the different
concentrations of BTEX, the syringe pump was connected to
the glass chamber to inject a specific rate of the BTEX
compounds. Design-expert software (version 7) was
used to optimize the analytical parameters including
breakthrough volume, desorption conditions and sampling
conditions. The best desorption conditions were achieved at
548 K for 6 min, and the best sampling conditions were
determined at 309 K of sampling temperature and 20 %
of relative humidity. According to the results, the limit
of quantification (LOQ) and limit of detection (LOD) of
the developed needle trap device (NTD) were in the
range of 0.52-1.41 and 0.16-0.5 mg/m?, respectively. In
addition, the repeatability and reproducibility of the
method were calculated to be in the range of 5.5-13.2
and 5.3-12.3 %, respectively. The analysis of needles
stored in the refrigerator (>277 K) and room temperature
(298 K) showed that the NTD can store the BTEX
analytes for at least 10 and 6 days, respectively. Our
findings indicated that the NTD packed with HKUST-1
sorbent can be used as a trustworthy and useful
technique for the determination of BTEX in air.
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1. Introduction

Benzene, toluene, ethylbenzene, as well as m-
xylene, o-xylene, and p-xylene (BTEX), as a major
group of air pollutants, are classified as priority
contaminants.” The International Agency for Research
on Cancer (IARC) has classified benzene as a human
carcinogen (group A) and ethylbenzene as possibly
carcinogenic to humans (Group 2B).? Acute exposure to
benzene is associated with nervous disorders, and
ingestion of high levels of benzene can cause seizures,
dizziness and nausea, vomiting, coma, and eventually
death. Chronic exposure to benzene is also associated
with lymphoid leukemia, multiple myeloma, non-
Hodgkin lymphoma and lung cancer.?

Various methods have been proposed to evaluate the
exposure to BTEX such as NIOSH 2549, NIOSH 1500,
EPA TO-17, EPA TO-14A, and OSHA 1005. These
methods are commonly used for pre-concentration of
BTEX followed by chromatography analysis.® Despite
excellent reliability, the main drawbacks of these
methods include complexity, time-consuming, and
requiring sample preparation equipment. This notably
delimits their application for monitoring of air pollutants
in many developing countries with severe air problems.

To accurately measure volatile organic compounds
(VOC) in the air, suitable sampling and pre-concentration
techniques are required to detect tiny amounts of these
compounds with high sensitivity. In recent years, various
sample preparation techniques have been used for
determination of organic contaminants in air, such as
solid-phase extraction (SPE) and solid-phase micro-
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extraction (SPME). SPE is a common extraction technique,
which requires large sample volume and long sampling
time. In recent years, a lot of efforts have been made to
improve the characteristics of the SPE.** The extraction
capacity of SPME fibre is typically based on
equilibrium. Until now, this method has been used in
various sciences.®’

Needle trap device (NTD) is a new tool for air
sampling, which combines the advantages of SPE and
SPME. The NTD was first introduced by Pawliszyn
team work in 2001. This microextraction technique has
received much interest from researchers in recent years.®
In the NTD technique, all steps including sampling,
extraction, preparation, and analysis of pollutants
existing in workplaces are performed in one step and it
requires no additional preparation and solvent extraction
steps. Nowadays, the NTD is applied for extraction of
analytes from different matrices such as water, biological
and air samples.”*’

Metal-organic frameworks (MOFs) are a new
class of porous materials that have high absorption
capability and unique catalytic properties.’®** The MOFs
offer many advantages for measuring of trace analytes in
complex matrices such as high selectivity, high specific
surface area and large porous volume.?

Selective absorption of the target analytes by
MOFs is based on their molecular geometry, size,
hydrophilic, and hydrophobic properties. Also, MOFs
are quite flexible against different target molecules,?
while many conventional sorbents have a relatively low
selectivity or limited adsorption capacity for environmental
pollutants. In this study, Cus(BTC), (other names: MOF-
199 and HKUST-1, BTC = 1,3,5-benzene-tricarboxylic
acid) as a MOF sorbent was first synthesized using the
electrochemical method, and then packed inside steel
needle for sampling and analysis of tiny amounts of
BTEX in air.

In HKUST-1, Cu(ll) ions make dimmers, where
a copper atom is coordinated by oxygen from 1,3,5-
benzene-tricarboxylic acid linkers and water molecules.??
HKUST-1 was first introduced by Chui et al. in 1999.%
So far, many efforts have been made to improve its
properties.?* Despite our literature review, there was no
study on the use of NTD packed with HKUST-1 as a
sorbent for sampling and analysis of pollutants in the air.

Therefore, this paper focused on the development
and validation of a noncomplex and valid method for
determining BTEX in air using NTD packed with
HKUST-1. In this regard, the influences of different
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analytical parameters, including desorption temperature,
desorption time, sampling temperature, and sampling
time were evaluated and optimized using response
surface methodology (RSM) based on the central
composite design (CCD). Moreover, in order to
investigate the field applicability of the proposed
method, it was used for the detection of BTEX in a real
field.

2. Experimental

2.1. Materials

All analytes used in this study including benzene,
toluene, ethylbenzene, ortho-, meta-, and para-xylene
were purchased from Merck Co. (Germany). For the
synthesis of HKUST-1, trimesic acid (HsBTC, Merck,
95 %), potassium nitrate (KNO3, Sigma-Aldrich, 99 %),
ethanol (Merck, 99 %) were used without further
purification. All solutions were prepared with distilled
water at room temperature.

2.2. Instruments

Chromatographic analyses were conducted using
a gas chromatography device (GC, Shimadzu GC-2010)
equipped with a capillary VOCOL (R) column (60~ 0.53mm,
DF: 3.00 um) and flame ionization detector and injection
port (up to 723 K). The GC system was operated under
the following conditions: split mode 1:8.5, SPL pressure
150.9 kPa, column flow 1 mL/min, purge flow 3 mL/min,
linear velocity 22.4 cm/s and total flow 12.5 mL/min.
Nitrogen gas with high purity of 99.99 % was used as
carrier gas in the GC device. The temperature program
of the GC device was started at 363 K, and then
increased to 453 K with the rate of 6 K/min. Total run
time was 15 min and detector temperature was set at 473 K.

The characterization of the synthesized MOF was
investigated with different analytical tests. For this
reason, a field emission scanning electron microscopy
(FE-SEM, Hitachi S-4160) using an APD 2000
(ltalStructures, Riva Del Garda, Italy) was used for the
powder X-ray diffraction (XRD) patterns. The apparatus
was equipped with a linear sensitive detector (SAINT-
GOBain). FTIR spectra of the synthetized MOF were
obtained on a Perkin-Elmer GX FT-IR spectrometer.

A hotplate (D500, Iran) was employed for heating
the standard module for the optimization of sampling
parameters. The packed NTD was attached to a low-flow
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sampling pump (SKC, model 222-3) and then used for
the sampling of the analytes of interest from the standard
chamber. The charcoal sorbent tubes (SKC, No. 226-1)
were also used for side-by-side sampling of the analytes.
The studied Cu-MOF was packed inside the needle
(22Gx90 mm, Dispo, Japan). Luer lock syringes (3 mL,
Ava-Iran) were used to transfer the adsorbed BTEX from
the NTD: Cu-MOF into the GC injector. A high-volume
sampling pump (SKC, Biolite) was applied along with
the standard glass chamber for preparing the desired
concentrations. To adjust the temperature of air flow
inside the glass chamber a digital thermometer (model
SUN15-TI) was used, and its humidity was controlled by
a hygrometer (model SUN25-H).

2.3. Pilot Study

Fig. 1 shows the pilot used in the present study
to generate the constant concentrations of BTEX
compounds at laboratory scale. The constant stream of
air in the chamber was provided using a high-volume
vacuum pump. Also, the syringe pump was connected to
the glass chamber to inject a specific rate of the BTEX
compounds into the standard chamber.

The temperature and relative humidity of the
passing air were monitored using a digital thermometer
and hygrometer mounted inside the chamber. The
concentration of the BTEX compounds inside the glass
chamber was also determined in accordance with the
standard NIOSH manual of analytical methods.?®

Low flow sampling pump

Thermostated

preheating Fresh air

chamber

| [ /I ®
% )/ ]
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Hygrometer

Deionized
water

Syring pump
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Fig. 1. A simple schematic of the standard chamber

2.4 Synthesis of HKUST-1

Cu-MOF was synthesized in a glass bottle. The
bottle contained a precursor solution and tow-electrodes.
The auxiliary electrode was made up of a stainless steel

sheet and the working electrode was made of copper
plate with the dimensions of 20x10x3 mm.

In this study, we synthesized the Cu-MOF according
to our previous study [19] with some changes. A
supporting electrolyte (0.127 g) of sodium nitrate (0.1M)
was dissolved in 15 mL of deionized water and considered
as solution A. Furthermore, to prepare solution B, 0.525 g
(2.5 mmol) of trimesic acid (HsBTC) was dissolved in
15 mL of ethanol. Then, while solution B was stirred, the
solution A was added and used for the electro-synthesis
process.

In order to prepare the precursor solution, the
copper plate was inserted into solution, and the adsorbent
synthesis was carried out using constant current
electrolysis (1 mA-cm? for 10800 s). The solution was
filtered to separate the precipitated sorbent, and then
washed with ethanol and distilled water to remove
impurities.

The stability of the frameworks was achieved at
room temperature for about 8 h. Then, the ensnared
solvent molecules were removed from adsorbent at
423 K for 24 h. The adsorbent was activated in a vacuum
oven at 473 K for 5 h before packing inside the needle.

2.5. NTD Preparation

In this study, medical spinal needles (22Gx90 mm)
were used as the main body of the proposed sampler and
then packed with a mixture of 1.5 mg of Cu-BTC and
1 mg of glass powder (to prevent the clogging inside the
NTD). Finally, both sides of the packed sorbent were
sealed with 3 mm of fiberglass. After preparation, the
needle was attached to the personal sampling pump, and
the airflow through the NTD was determined using a
soap bubble flow meter. A passing flow rate of about
3 ml/min was selected for the packed NTDs as an
optimal flow rate through the NTD.?

2.6. Sampling and Desorption
Parameters

Design expert software (v.6.0) was used to
investigate the influences of several parameters and their
interaction effects on the sampling efficiency of the
NTD: Cu-MOF. RSM is a preferable method for the
optimization of analytical agents that includes mathematical
and statistical techniques.”’

CCD is frequently applied in RSM empirical
design.?® This design consisted of a total of 14
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experiments in 2 blocks (two days). In the present study,
equation 1 was applied to predict the optimal conditions.

n n n
(o] (o] (o]
Y=B,+aBX+ a.bbixi2 + abijxixj 1)

i=1 i=1 1£iE
where Y is the peak area response; By is the constant of
model; B; is the coefficient of the variable; x, n, bj; and bj;
are the coded variables, number of variables, coefficient
of variable interactions and coefficient of quadratic
model variable, respectively.

In the first step, the influences of desorption
temperature (493, 513, 533, 553, and 573 K), time (1, 3,
5, 7, and 9 min) and their interactions were investigated
on desorption process under constant sampling conditions
(298 K, 20 % of relative humidity). Afterwards, the
sampling conditions were optimized. For this reason, the
factorial point levels of independent variables including
five levels of sampling temperatures (288, 298, 308, 318
and 328 K), five levels of relative humidity (20, 30, 40,
50, and 60 %) and their interactions were evaluated on
the sampling efficiency under optimum desorption
conditions. The variables examined for optimization of
sampling and desorption conditions are shown in Table 1.
The concentrations of BTEX in the standard chamber
were made almost equal to the time-weighted average
(TWA) concentration. After sampling, NTD was placed
into the injection port of the GC device and after the
predetermined desorption time, 3 ml of nitrogen gas was
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injected into the NTD through a medical syringe to
deliver the trapped analytes into the GC column.

Table 1. Variables in the matrix of CCD
for optimization of sampling and desorption conditions
of the NTD: Cu-MOF

Independent variables T Le\(;els 1 +a
Desorption TempeKrat”re’ 493 | 513 | 533 | 553 | 573
condition Time, min 1 3 5 7 9
sampling TempeKrat”re’ 288 | 298 | 308 | 318 | 328
condition iy % [ 20 | 30 | 40 | 50 | 60

2.7. Breakthrough Volume Investigation

At this stage, two NTDs were first connected by a
plastic tube and then the sampling was conducted at a
flow rate of 3 mL/min from the standard chamber. For
assessing the breakthrough volume, various concentrations
of the analytes were prepared inside the standard
chamber ranging from 0.2 to 5 times the TWA values of
BTEX, as the highest concentrations occurred in the
workplaces. Table 2 presents the experimental steps
(14 runs and 2 blocks) for determining and modelling
breakthrough volume in NTD: Cu-MOF.

Table 2. Full factorial CCD matrix for assessing breakthrough volume

. Range and levels

Independent variables > =) 0 o) o

Benzene Volume, mL . 150 350 550 750 950
Concentration, mg/m 0.32 2.24 4.15 6.07 7.99

Toluene Volume, mL . 150 350 550 750 950
Concentration, mg/m 15.1 105.5 196 286 377

Ethylbenzene Volume, mL . 150 350 550 750 950
Concentration, mg/m 17 121.5 225.5 330 434

M-, p-,0-xylene Volume, mL . 150 350 550 750 950
T Concentration, mg/m 87 608 1129 1650 2171

In order to study the breakthrough volume, the
percentage of the penetrated analyte in the second NTD
was calculated according to Eq. 2.

| =—=
L) + Ial
where 1 is the percentage of analyte penetrated to the
second NTD; I is the peak area in NTD No. 1; I, is the
peak area in NTD No. 2.

1100 % @)

The RSM method suggested multiple concentrations
and volumes as optimal conditions prior to breakthrough,
of which the volume corresponding to the highest
concentration was selected as the break-through volume.

2.8. Carryover Effect

Desorption conditions such as time and temperature
have an effective impact on memory effect or carryover
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of a sampler. Memory effect is caused by the defective
desorption. Factors affecting the carryover effect include
analyte stability, analyte volatility and affinity of analyte
molecules to sorbent. Also, increasing desorption
temperature and time can cause a decrease in the lifespan
of the packed sorbent. Hence, to select the best desorption
conditions, the maximum tolerable temperature of the
sorbent material and carryover effect must be considered.

Upon completion of desorption process under the
optimal conditions, the NTD was again injected into
injection port of the GC device to determine the BTEX
residues on the sorbent. Sampling was carried out at the
TWA concentration range.

2.9. Method Validation

Method validation is described as a proof-of-
procedure (through scientific studies) to ensure that the
developed method has an acceptable performance. In this
study, in order to validate the developed method, some
analytical parameters of the NTD were examined in
accordance with the IUPAC guidelines.”

2.9.1. Accuracy

In this study, in order to determine the accuracy of
the proposed method, the results of sampling and
analysis of the analytes with the NTD were compared
with standard method (NIOSH 1501). For this reason,
side by side sampling was conducted using the Cu-MOF
and charcoal sorbent tube from the standard chamber.
The experiment was repeated six times, and eventually
the measurement results were compared to those
obtained by the NIOSH standard method using One-
Sample T-Test.

2.9.2. Repeatability and reproducibility

To calculate the repeatability of the proposed
method, three concentrations of the analytes were sampled
using an NTD with six repetitions (18 samples). The
reproducibility was also determined through measuring a
specified concentration of the analytes using three NTDs
with three replications (9 samples). Finally, the standard
deviation (RSD) of the results was calculated.

2.9.3. Determination of LOD, LOQ, LDR

By reducing the amount of analytes in the
glass chamber, the concentrations corresponding to
the signal-to-noise ratios (S/N) of 3 and 10 were

considered as LOD and LOQ, respectively. The total
sampling volume was 30 ml with the sampling flow
rate of 3 ml/min.

2.9.4. Storage time

Since NTDs are used as a field sampler, the
storage capability of the analyte in the NTDs is an
important factor prior to the laboratory analysis. In order
to evaluate this parameter, the storage capability of the
NTD method was studied by 33 NTDs samples. The
sample was taken under optimum sampling conditions
while the concentration of the analytes was within the
range of TLV-TWA, and then Teflon caps were used
to seal both ends of NTDs. On the first day, three
NTDs were analysed, and half of the remaining NTDs
were stored at laboratory temperature (298 K), and
other NDTs were stored in the refrigerator (277 K) for
1-10 days. Afterwards, the samples were injected into
GC-FID under optimum desorption conditions. The
peak area responses of the compounds of interest were
plotted versus those obtained by the control NTDs,
which were injected in the first day. The control
NTDs were immediately injected into the GC system
after sampling.

2.9.5. In-field measurements

Due to the importance of using the developed
sampler in the real environment, in the second phase of
the study, the proposed sampler was used for field
monitoring of the analytes of interest under the optimal
conditions obtained from the previous steps. For this
purpose, six NTDs packed with Cu-MOF were used for
the sampling of the BTEX concentrations in ambient air
of fuelling stations for 30 min. The concentrations of
BTEX were also determined using the charcoal sorbent
tubes according to the NIOSH method, and eventually
the measurement results were compared to those
obtained by the proposed method.

3. Results and Discussion

3.1. Characterization of Cu-MOF

The function and bonding attributes of the Cu-
MOF and H3BTC via IR spectra were indicated in Fig. 2.
The lack of peaks at the range 3085-2554 cm™ in the
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Cu-MOF pattern indicated that the carboxylic acid
function contributed to the composition of Cu-MOF. The
relocation of asymmetrical and symmetrical vibration
coupled peaks of carboxylate anions (1646-1578 and
1443-1375 cm™) can be allocated to the coordination of
ligand with the cation.

Fig. 2. FT-IR spectra of H;BTC and Cu-MOF

Intensity (a.u.)
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Fig. 3 demonstrates the crystallinity of the
adsorbent by ex-situ powder X-ray diffraction. The
survey of PXRD analysis showed that the broad corner
of PXRD pattern corresponded to the well-distinctive
crystallinity of the adsorbent compared with the
simulated pattern.*®
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Fig. 3. PXRD pattern of the Cu-MOF

Fig. 4. FE-SEM picture of Cu-MOF

The FE-SEM pictures of the powder Cu-MOF in
1 mA-cm™ for 10800 s has been shown in Fig. 4. The
images present the sponge pyramidal microcrystals of
Cu-MOFs.

3.2. Desorption Parameters

In this stage, the effects of desorption time and
temperature were modelled and optimized using CCD
and RSM by Design-expert software (v 7.0; USA Stat
Ease). Table 3 shows the ANOVA results of the offer
model for desorption parameters. The features of the
offer models were evaluated using p-value, F-value, R?,
and adjusted R? (the adjusted determination coefficient).

The desorption conditions model F-value for all
analytes, and corresponding p-value of <0.0001 imply
that the models are significant, and there are only less
than 0.01 % chance that a model F-value of this value
could occur due to noise.

The optimal values of desorption temperature and
time of the proposed method are presented in Table 4.

Fig. 5 illustrates the interaction effect between
desorption temperature and time on the NTD efficiency.
Since BTEX compounds are highly volatile, they require
low time and temperature to desorb from the adsorbent
surface. These results are consistent with the findings of
other studies on sampling and analysis of BTEX with
SPME.3'30’31
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Table 3. ANOVA results of sampling and desorption variables

Desorption conditions Sampling conditions
Source Sum of DE F- o-Value Source Sum of DE F- p-Value
squares value squares value
Benzene
Square 7.72-10° 5 | 229.55 | <0.0001 Square 9.379-10° 5 1585.16 | <0.0001
A:Temperature 1.853-10° 1 275.41 | <0.0001 | A:Temperature 73.50-10° 1 6.21 0.0415
B: Time 2.085-10° 1 | 309.83 | <0.0001 | B: Humidity 6.734-10° 1 5690.41 | <0.0001
AB 1.076-10° 1 | 1599 | 0.0052 AB 13.572-10° 1 11.47 0.0117
A? 3.255-10° 1 | 483.71 | <0.0001 A’ 8.312-10° 1 702.42 | <0.0001
B? 1.358-10° 1 | 201.73 | <0.0001 B? 1.002-10° 1 846.36 | <0.0001
R°=0.9239  R’adjusted = 0.9896 R®=0.9991 R adjusted = 0.9985
Toluene
Square 3.694-10" 5 | 233.58 | <0.0001 Square 1.242-10' 5 | 10958.42 | <0.0001
A:Temperature 8.123-10° 1 256.80 | <0.0001 | A:Temperature 2821.33 1 12.44 0.0096
B: Time 9.429-10° 1 | 298.09 | <0.0001 | B:Humidity 8.920-10° 1 | 3934251 | <0.0001
AB 6.176-10° 1 | 1953 | 0.0031 AB 18225 1 80.38 <0.0001
A? 1.662-10' 1 | 525.41 | <0.0001 A’ 9.910-10° 1 4370.98 | <0.0001
B? 6.922-10° 1 | 218.83 | <0.0001 B? 1.448-10° 1 6387.29 | <0.0001
R® = 0.9940 R adjusted = 0.9898 R®=0.9999  R?adjusted = 0.9998
Ethylbenzene
Square 4.93-10° 5 170.14 | <0.0001 Square 3.928:10' 5 16789.64 | <0.0001
A:Temperature 2.256-10" 1 388.76 | <0.0001 | A:Temperature 28518.75 1 60.95 0.0001
B: Time 4.887-10° 1 | 84.23 |<0.0001 | B:Humidity 2.875-10" 1 | 61440.33 | <0.0001
AB 14884 1 0.26 | 0.6281 AB 992.25 1 2.12 0.1887
A? 2.046-10" 1 | 352.60 | <0.0001 A’ 3.407-10° 1 7282.44 | <0.0001
B? 6.310-10° 1 | 108.76 | <0.0001 B? 3.923-10° 1 8385.75 | <0.0001
R®=0.9918 R’ adjusted = 0.9860 R®=0.9999 R adjusted = 0.9999
m-, p-Xylene
Square 3.596-10° 5 | 85.85 | <0.0001 Square 3.612-10° 5 | 1.246-10° | <0.0001
A:Temperature 1.120-10° 1 133.7 | <0.0001 | A:Temperature 507.00 1 8.75 0.0212
B: Time 2.714-10' 1 32.4 | 0.0007 | B:Humidity 2.884-10' 1 | 4.976-10° | <0.0001
AB 14762-10° 1 | 0.018 | 0.8981 AB 36 1 0.62 0.4565
A? 1.921-10° 1 | 229.24 | <0.0001 A’ 2.279-10° 1 | 39.322-10° | <0.0001
B? 8.595.10" 1 | 1026 | <0.0001 B? 2.803-10° 1 | 48.363-10° | <0.0001
R*=0.9840  R’adjusted = 0.9725 R°=1 R® adjusted = 1
0-Xylene
Square 1.544-10° 5 | 98.98 | <0.0001 Square 13.58 5 376.09 | <0.0001
A:Temperature | 4.978-10° 1 | 159.59 | <0.0001 | A:Temperature 6.38 1 883.45 | <0.0001
B: Time 1.037-10 1 | 33.24 | 0.0007 | B:Humidity 5.89 1 816.13 | <0.0001
AB 21.316-10° 1 | 0.068 | 0.8013 AB 1.09 1 151.21 | <0.0001
A? 8.616-10" 1 | 276.20 | <0.0001 A’ 0.20 1 28.19 0.0011
B? 3.037-10° 1 | 97.37 | <0.0001 B? 1.43-10° 1 0.20 0.6699
R*=0.9861  R’adjusted = 0.9761 R?=0.9963 R? adjusted = 0.9936
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Table 4. Optimum conditions of desorption and sampling parameters
Parameters/ Analytes Benzene Toluene Ethylbenzene m-, p-Xylene 0-Xylene
Desorntion conditions Temperature, K 540 540 548 543 544
P Time, min 6 6 6 6 6
Sampling conditions Temperature, K 303 304 304 308 307
pling Humidity, % 20 20 20 20 20

Peak Ar Benzen

Prediction 2814
95% ClLo 2732
95% ClHig 2895
X1 267

X1: Temperature (C)
X2:Time (min)

Peak Area M,P Xylen

Prediction 22375
95% ClLo 21493
95% CI Hig 23257
X1 270
X2

X1: Temperature (C)
X2: Time (min)

X1:_Te ture (C
X Tmeminy

Peak Area Ethyl Benzene

X1: Temperature
X2:Time

Peak Areal O Xylene

X1:Temperature
:Time

Fig. 5. The effect of desorption temperature and time

3.3. Sampling Parameters

The influences of temperature and humidity were
investigated on the sampling performance of NTD:
Cu-MOF based on CCD analysis. According to the
optimization results of the sampling parameters, for the
studied analytes, the quadratic model was highly
significant from the evidence of the low p-value
(< 0.0001) and high F-value. The high R? (determination
coefficient between 0.9963 and 1) proved the goodness
fit of the model. The value of the adjusted determination
coefficient (R? adjusted = 0.9936 to 1) was also high,
which advocated a high significance of the model
(Table 3). Table 4 reveals the optimal values of the

sampling temperature and relative humidity. Fig. 6
illustrates the interaction effect between sampling
temperature and humidity on the NTD performance.

As observed in Fig. 4, the results of the sampling
temperature and humidity effect implied that the
efficiency of the NTD increased with the increasing
sampling temperature from 288 to 303 K, and then
decreased with further increasing in the sampling
temperature up to 308 K. Moreover, the interaction
effect of sampling temperature of 303 and relative
humidity of 20 % is optimal. As observed in Fig. 4, the
NTD performance decreased with increasing the relative
humidity, because the adsorption sites on the HKUST-1
surface were occupied by water molecules.®
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Fig. 6. Effect of sampling time and humidity on the proficiency of NTD: Cu-MOF

3.4. Breakthrough Volume investigation

NTD as a non-equilibrium method can adsorb all
target analytes in the air passing through the sorbent
bed (prior to the breakthrough). Various factors
affect breakthrough, such as the amount of sorbent used
in the NTD, volume of air passing through the sorbent
bed, reaction between adsorbent and analyte, and analyte
concentration.®> According to the results, analyte
concentration and sampling flow rate are inversely
proportional to breakthrough volume. Fig. 7 demonstrates
breakthrough volume at different sampling air volumes
and analyte concentrations.

During the examination of the breakthrough
volume of proposed method, the “I” values higher than
10 % (according to Eq. (2)) were considered as a point
of breakthrough volume. Then, using Design-expert
software, the maximum volume of sampling air was

determined at the greatest concentration of analyte
before the incidence of breakthrough volume. With
regard to the concentrations and volumes reported in
Fig. 7, the other parameters were tested at lower
concentrations and air sampling volumes before
occurring breakthrough in the packed sorbent.

For a model to fit the experimental data, the R?
value should be close to 1. Use of adjusted R® (adjusted
determination coefficient) is preferred because R? always
increases on adding variables to the model but the
adjusted R? does not always increase as necessary
variables are added to the model. According to Table 5
the R? value indicates that the proposed regression model
can be used to predict the % breakthrough volume within
the experimental range for all analytes, and the values of
adjusted R? in Table 5 were also high. To sum up, these
results show that the offer models are statistically significant,
and can be used to predict the breakthrough volume.
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Source Sum of squares D.F F-value p-Value
1 2 3 4 5
Benzene
Square 108.36 5 985.82 <0.0001
A: Volume 36.75 1 1671.74 <0.0001
B: Concentration 58.61 1 2666.10 < 0.0001
AB 0.64 1 29.11 0.0010
A’ 4.25 1 193.35 <0.0001
B’ 11.14 1 506.68 <0.0001
R® = 0.9986 R® adjusted =0.9976  R” pred = 0.9958
Toluene
Square 104.07 5 985.82 <0.0001
A: Volume 35.29 1 1671.74 <0.0001
B: Concentration 56.29 1 2666.10 <0.0001
AB 0.61 1 29.11 0.0010
A’ 4.08 1 193.35 <0.0001
B’ 10.70 1 506.68 <0.0001
R”=0.9986 R” adjusted = 0.9976 R” pred = 0.9958
Ethylbenzene

Square 109.82 5 328.26 <0.0001
A: Volume 31.36 1 468.75 <0.0001
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Continuation of Table 5

1 2 3 4 5
B: Concentration 69.12 1 1033.06 <0.0001
AB 3.24 1 48.42 0.0002
A’ 2.12 1 31.64 0.0008
B* 5.48 1 81.90 <0.0001
R*= 0.9958 R”adjusted = 0.9927  R”pred = 0.9828
m-, p-Xylene
Square 103.33 5 328.26 <0.0001
A: Volume 29.51 1 468.75 <0.0001
B: Concentration 65.04 1 1033.06 <0.0001
AB 3.05 1 48.42 0.0002
A’ 1.99 1 31.64 0.0008
B’ 5.16 1 81.90 <0.0001
R”=0.9958 R”adjusted = 0.9927  R” pred = 0.9828
o-Xylene
Square 107.50 5 328.26 <0.0001
A: Volume 30.70 1 468.75 <0.0001
B: Concentration 67.66 1 1033.06 <0.0001
AB 3.17 1 48.42 0.0002
A’ 2.07 1 31.64 0.0008
B* 5.36 1 81.90 <0.0001
R°=0.9958  RZadjusted =0.9927  R®pred = 0.9828

The breakthrough experiments showed that the
HKUST-1 had a high capacity for the adsorption of
BTEX compounds. Breakthrough volume of NTD was
related to the affinity of the analyte to the adsorbent,
amount of the sorbent packed inside the needle,
sampling air volume, and analyte concentration. The
maximum volumes of sampling air recommended by the
NIOSH 1501 method for the sampling of benzene,
toluene, ethyl benzene, and xylene are 45, 12, 35, and
35 1, respectively,”® which are higher than the sampling
air volume in the proposed NTD method. This difference
is attributed to the small amount of packed adsorbent
(1.5 mg) inside the needle. This result is in agreement
with the findings of other studies on NTD application.*

3.5. Carryover Effect

The carryover effect of the developed method was
examined under determined desorption conditions. The
percentage of carryover effect was less than 5 % for all
of the analytes under optimal desorption conditions (at
548 K and 6 min).

Therefore, after the completion of desorption cycle,
the device was ready to reuse without any analyte remaining
on the surface of the absorbent packed inside the NTD. Due
to the volatility of the analytes, they were completely
desorbed at desorption temperature of 548 K and time of

5 min. The desorption temperature and time affect the NTD
efficiency and the analyte affinity to sorbent. In a study
conducted by Wang et al.,* the desorption temperature of
BTEX from the carboxene 1000 was reported to be 573 K,
which is higher than those obtained in the present study,
because HKUST-1 has less affinity to BTEX compounds
compared to the carboxene 1000.

3.6. Method Validation

3.6.1. Accuracy

The accuracy of the NTD: Cu-MOF versus the
standard method (NIOSH 1501) was verified using One-
Sample T-Test. Table 6 showed no significant difference
between the two methods.

Table 6. Average difference between NTD:
Cu-MOF and standard method- One Sample T-Test

Average (N = 6), ppm
Analyte NIOSH 1501 | NTD:Cu-MOF p-Value
Benzene 0.53 0.51 0.052
Toluene 19.82 19.89 0.057
Ethybenzene 20.21 20.19 0.062
m-, p-Xylene 105 104.3 0.053
0-Xylene 97.98 97.9 0.059
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3.6.2. Repeatability and reproducibility

The relative standard deviation (RSD) was used to
evaluate the accuracy of the developed method.
According to the summary data in Table 7, this method
had suitable accuracy for monitoring of BTEX in the air.
The repeatability values of NIOSH method 1501 for
BTEX are 11.4, 10.9, 17.1, and 12.2 %, respectively,
which is consistent with our results.

3.6.3. Determination of LOD, LOQ and LDR

In order to validate the developed method, the
concentrations corresponding to the chromatogram
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with S/N ratios of 3 and 10 were considered as LOD
and LOQ, respectively. The LOD, LOQ and linear
dynamic range (LDR) are shown in Table 7. The LOD
values reported in NIOSH 1501 for BTEX are 500,
700, 500, 800, and 700 ng/ml, respectively. The LOD
value of the proposed method was lower than those
reported in the NIOSH method. Hence, the NTD: Cu-
MOF offered an acceptable way for the determination
of BTEX in air. The results of the present study
are comparable with other similar studies on the
application of NTD for sampling and analysis of such
compounds in air.***°

Table 7. Values of different tests to validate the proposed method

Analyte Repeatability, mg/m® Reproducibility, mg/m® LOD, LOQ, LDR,
RSD % N = 6 Injections RSD% N = 6 injections mg/m® mg/m® mg/m®
0.3 6.4 NTD1 8.1
Benzene 1.6 7.5 NTD2 10.1 0.16 0.52 0.2-22
8 7.9 NTD3 6.2
15 7.3 NTD1 6.3
Toluene 75 8.3 NTD2 8 0.38 1.1 0.4-380
377 5.7 NTD3 10.6
17 55 NTD1 5.3
Ethybenzene 87 6.6 NTD2 9.4 0.5 1.4 0.5-435
434 9.4 NTD3 11
87 7.4 NTD1 8.1
m-, p-Xylene 434 6.3 NTD2 12.3 0.4 1.32 0.3-2200
2171 8.2 NTD3 9.4
87 8.6 NTD1 9.7
0-Xylene 434 13.2 NTD2 8.9 0.4 1.41 0.4-2200
2171 10.1 NTD3 12.3

3.6.4. Storage time

Storage capability of the sampler was examined
on 2, 4, 6, 8, and 10 days after sampling. The results of
storage capability of NTDs were compared with the analysis
results of the control NTDs. The control NTDs were
immediately analysed after sampling (without storing). The
analysis of NTDs stored in the refrigerator showed that
after ten days there was no significant difference between the
results of stored NTDs and control NTDs (p > 0.05).

The NTD stored at 298 K for six days did not show a
significant decrease in peak areas responses compared with
the control NTDs (p > 0.05). After eight days, there was a 6
% decrease in the adsorbed BTEX on the NTD: Cu-MOF.

As a result, BTEX compounds trapped in the
NTD can be stored in the refrigerator and ambient
temperature for at least 10 and 6 days, respectively,
without analyte loss, while in Wang et al. study on the
use of NTD packed with carboxene adsorbent, 6 % of

the benzene analyte was reduced after four days of
storage time.*® The NIOSH has recommended that the
samples must be stored at 263 K in a container.

3.6.5. In-field measurements

In order to validate this technique, the
occupational exposure to air pollutants in the real field
was assessed using the NTD. After optimization of the
developed method, the efficiency of the NTD: Cu-MOF
method was assessed by measuring the BTEX
concentrations in fuelling stations with six NTDs packed
with Cu-MOF. Table 8 presents the comparison results
of the proposed NTD and the standard method (NIOSH
1501). According to the results, there was no significant
difference between the developed method and standard
method for the field sampling of the analytes of interest.
These results indicated that the developed NTD can be
used as a novel, solventless and fast method for sampling
and analysis of such compounds in workplaces.
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Table 8. The BTEX concentrations in ambient air
of fuelling stations

Mean (N = 6), mg/m°
Analyte NIOSH 1501 | NTD: Cu-MoF | P~ Value
Benzene 35.8 39.6 0.07
Toluene 54 55 0.095
Ethylbenzene 36 39 0.084
m-, p-Xylene 83 87 0.054
0-Xylene 91 92 0.093

4. Conclusions

In this study, NTD-(HKUST-1) was used for the first
time to measure the concentrations of BTEX compounds in
air. HKUST-1 with suitable pore sizes and open metal sites
(Lewis acid sites) showed an excellent capacity for adsorbing
BTEX. NTD-(HKUST-1) method was optimized by
focusing on different aspects of the sampling (such as
temperature and humidity) and desorption conditions (such
as temperature and time). Then, the developed method was
used for the field sampling of BTEX and compared with
NIOSH method 1501. The measurement results for both
methods were in a good agreement. The results indicated that
the NTD-HKUST-1 is a reusable, inexpensive, solventless
and fast technique. The NTD- HKUST-1 with a high
sensitivity could be coupled with GC as a powerful method
for monitoring of BTEX in air.
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PO3POBJIEHHA INPUCTPOIXO 1JIsA YTPUMYBAHHS
I'OJIKH 3 COPBEHTOM HKUST-1 JJIs1 BIABOPY
IPOB I AHAJII3Y BTEX B IIOBITPI

Anomauin. Bnepwe pospobnenuti npucmpiil ons ympu-
myeanns 2onku (NTD) 3 copbenmom HKUST-1 (memanoopea-
Hiunull kapxac na ocrnogi CU), saxuil npusnavenuil s 8i060py
npob ma ananizy 6eH3eHy, MoiyeHy, emulOeH3eHy ma KCUieHy
(BTEX) ¢ ammocgpepromy nosimpi. Cunmesosanuil 3a 0ono-
Mo2010 enekmpoximiunoeo npoyecy adcopbenm HKUST-1 pos-
mawosanuil 'y eoayi 22 posmipy. JQnsa 3abe3neyenHs pisHUX
xonyenmpayiti BTEX wnpuyesa nomna nioxmouena 0o
cKksHOl kKamepu 015 enopckysanns cnoayk BTEX 3 nesnoio
weuoxicmio. [nsa onmumizayii aHanimuyHux napamempis, a
came 00’ emy npocKoky, ymos oecopoyii ma ymos 6ioo6opy npoo
suxopucmano npogpamue 3adesneuenns Design-expert (sepcis 7).
Busnaueno, wo onmumanvui ymosu Oecopbyii docsiearomvcs
3a 548 K npomsieom 6 xe, a natikpawi ymoeu 6io6opy npo6 —
3a 309 K ma 20% eorococmi. Busnaueno, wjo nokasznuxu LOQ
ma LOD pospobnenozo npucmpor 3HaAx00amvcsi 6 medxncax
0,52-1,41 ma 0,16-0,5 MZ/M3, 8ION0OBIOHO, A NOBMOPIOBAHICHIb
ma 8i0meoprosanicms Memody cmanosnsames 5,5-13,2 ma 5,3
12,3 %, sionosiono. Becmanosneno, wo NTD, saxi 36epica-
tomucs 6 xonoounvnuky (> 277 K), i 3a kimnamnoi memne-
pamypu (298 K), zb6epicaiome npoou BTEX wonaiimenue
npomsieom 10 ma 6 ouie sionogiono. Ioxazano, wo NTD 3
copbernmom HKUST-1 moorce Oymu suxopucmanuil sx HAOiiHuLl
ma Kopucrutl memoo 05s suznauennss BTEX y nosimpi.

Knwuosi cnosa: nosimps, HKUST-1, memanoopeaniunuii
Kapkac, eieKkmpoximis, Npucmpii Oast YMpUMY8aHHS 20JIKU,
JNIemKi OP2aHIYHI CNOSYKU.
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