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ABSTRACT

Introduction: Toluene, benzene, xylene, and ethylbenzene (BTEX) belong to the class of monocyclic aromatic
hydrocarbons and are identified as toxic volatile compounds due to their harmful properties. The reliable biomarkers
for occupational exposure to these toxic compounds are hippuric acid (HA), trans,trans-muconic acid (tt-MA), mandelic
acid (MA), and methylhippuric acid (MHA), which correlate with toluene, benzene, ethylbenzene, and xylene,
respectively.

Material and Methods: A novel magnetized imine-linked covalent organic framework (Fe,O,@TFPA-Bd) was
synthesized, marking its inaugural use as a sorbent in microextraction by packed sorbent (MEPS). The synthesis of
Fe,O,@TFPA-Bd was executed in a straightforward and efficient manner, using Fe,O, nanoparticles as the magnetic
core and benzidine (Bd) and Tris (4-formyl phenyl) amine (TFPA) as the structural building blocks. This newly produced
sorbent was tested for the microextraction of hippuric acid (HA), mandelic acid (MA), trans, trans-muconic acid (tt-MA),
and m-methyl hippuric acid (m-MHA) from urine samples, which were then analyzed using high-performance liquid
chromatography (HPLC). In order to optimize the extraction performance, parameters like sample volume, elution
volume, extraction cycles, pH, and sample solution temperature were thoroughly adjusted. The synthesized adsorbent
underwent thorough characterization via scanning and transmission electron microscopy (SEM and TEM), Fourier
transforms infrared spectrometer (FTIR), and X-ray diffraction (XRD).

Results: The developed method showcased promising attributes: low detection limits (0.02 pg/ml for tt-MA, S/N=3),
low quantification limits (0.06 ug/ml for tt-MA, S/N=10), a solid linear range (0.5-320 ug/ml for MA, R > 0.99), and
commendable intra- and inter-day precision (2.4%-4.3% and 3.1%-7.8%, respectively) for volatile organic compound
(VOC) biomarkers. Furthermore, the method demonstrated recoveries in the 81-87.5% range for spiked samples,
indicating its practicality and effectiveness.

Conclusion: The developed procedure was suitable for the determination of BTEX biomarkers from urine samples and
can be an alternative to previous methods.
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1. INTRODUCTION issues, including acute myeloid leukemia, blood

Toluene, benzene, xylene, and ethylbenzene,
collectively known as BTEX, are classified
as toxic volatile compounds and monocyclic
aromatic hydrocarbons. Chronic exposure to
these compounds can lead to severe health
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disorders, generational defects, bladder cancer,
and neurocognitive deficiencies. After exposure,
metabolic pathways produce Hippuric acid (HA),
trans,trans-muconic acid (tt-MA), mandelic
acid (MA), and methylhippuric acid (MHA) as
biomarkers for toluene, benzene, ethylbenzene,
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and xylene, respectively. These biomarkers are
ultimately excreted in the urine.

Microextraction by packed sorbent (MEPS) is
a modern procedure designed to miniaturize solid
phaseextraction (SPE), providinga sensitive, simple,
rapid, and solvent-free method for determining
BTEX biomarkers, as outlined in several articles.
Covalent organic frameworks (COFs), a new class
of crystalline porous materials, are formed through
the self-assembly of light elements linked via strong
covalent bonds. Given their superior selectivity, low
density, structural stability, extensive surface area,
and adjustable pore size, COFs have seen extensive
application in a variety of fields.

This study presents a rapid and straightforward
synthesis procedure for Fe,O,@TFPA-Bd-COF
nanobeads. The extraction performance of these
adsorbents was investigated for the first time and
the MEPS parameters for target analytes were
studied. The findings were then compared with
other HPLC methods for determining BTEX
biomarkers in human urine.

2. MATERIAL AND METHODS

2.1. Preparation of the Fe O, nanoparticles

6g of sodium acetate, 3.4g of ferric chloride
hexahydrate, and 1g of sodium citrate dihydrate
were dissolved in 100mL ethylene glycol while
stirring at 25°C. The homogenous solution was
transferred to a Teflon autoclave and heated for 10
hours at 200°C. The final products were isolated
with a magnet and washed with deionized water

Conditioning Sample loading
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b

and pure ethanol (three times) before drying at
25°C.

2.2. Synthesis of the Fe,O @ TFPA-Bd nanobeads

Initially, 75mg of Fe,O, nanoparticles, 41.5mg
of Bd, and 24.3mg of TFPA were combined with
50 mL of DMSO and sonicated until a uniform
solution was achieved. Then, 2mL of acetic acid
glacial was added to the mixture under sonication
before being transferred to a Teflon autoclave and
heated for 72 hours at 120°C. The products were
collected using a magnet, washed with methanol
and tetrahydrofuran (three times), and dried at
25°C.

2.3. Adsorption mechanism in MEPS procedure

In this study, the solid sorbent was activated
using a suitable solvent. This activation allowed the
tangled alkyl chains of the sorbent to unwind. The
solid phase was then introduced to a solution that
was akin to the sample solution. When the sample
solution was passed through the solid phase,
the analytes adhered to its surface, facilitated
by strong hydrophobic interactions such as van
der Waals forces and m— 7 stacking interactions.
Subsequently, any substances interfering with
the analytes were flushed from the solid phase
using an appropriate solution. In the final step,
the adsorbed analytes were eluted from the solid
phase by passing a suitable solution through it
(Fig 1), after which they were ready to be injected
into an HPLC-UV device.

Washing Elution

+ i i
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—— Inject to HPLC

Fig. 1: Diagram of the MEPS procedure.
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Fig. 2: (a) FTIR spectra, (b) XRD pattern, and (c) TEM image of Fe,O,@TFPA-Bd nanobeads.

2.4. COF-MEPS development

In this study, 50 mg of the solid sorbent was
activated using methanol solvent (3x100 pL)
before being conditioned with deionized water
(3x100 pL). Different solvent mixtures were tested
as washing solvents, including deionized water-
methanol (80:20 v/v), deionized water-acetonitrile
(80:20 v/v), deionized water-propanol (80:20 v/v)
and deionized water-acetic acid (90:10 v/v). The
elution performance of several solvents was also
evaluated, including acetonitrile-acetic acid (80:20
v/v), methanol-acetic acid (80:20 v/v), ethanol-
acetic acid (80:20 v/v), deionized water-acetic acid
(50:50 v/v), and deionized water-hydrochloric acid
(50:50 v/v). Further exploration was done on 5
sample volumes (30, 60, 90,120, and 150 pL) and
5 extraction cycles (2, 4, 6, 8, and 10 times) at the
speed of 10+2 pL/s in charging and discharging
mode. Finally, the influence of sample pH and
temperature on the percentage recovery of the
analytes from urine samples was investigated
within the range of 2-10 for pH and within the
range of 10-50°C.

2.5. Validation of the method
The validation of the developed method was
conducted following the guidelines of the Food and

[ DOW!

Drug Administration.

3. RESULTS AND DISCUSSION
3.1. Characterization of Fe304@TFPA-Bd sorbent
The successful synthesis of Fe ,O,@TFPA-
Bd was confirmed through FT-IR spectra (Fig
2). The appearance of strong absorption peaks
around 1412, 1618, and 3384 cm™' suggests the
presence of the carboxyl groups on the surface
of Fe304 (Curve al). Moreover, new absorption
bands of C=N vibrations at 1598 cm™ and 1621
cm-1, which correspond to the Imine-link and
Schift-link C with N, are visible in the spectrum
of Fe304@TFPA-Bd. The stretching vibration of
C=N at 1621 cm™ confirms the formation of the
COF shell on the surface of Fe,O, nanoparticles
(Curve a2). The crystal structure of Fe,O,@TFPA-
Bd was assessed via an X-ray diffraction (XRD)
pattern. Characteristic peaks of Fe,O,@TFPA-Bd
at 30° and 35° in the sample, as shown in Fig.
2b, verify that Fe,O,@TFPA-Bd was crystallized.
The morphology of the COF nanobeads was
characterized by a TEM image, as depicted in Fig
2c. TEM observations reveal a distinct core-shell
structure of Fe,O,@TFPA-Bd nanobeads with a
dark core of Fe,O, nanoparticles and a gray COF
layer.


https://jhsw.tums.ac.ir/article-1-6874-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-17 ]

N. Kurd et al. / A novel magnetized imine-linked covalent organic

3.2 COF-MEPS development
Factors affecting the extraction performance of
the MEPS procedure were evaluated.

3.2.1. Washing solvents

The examination was made on 100 uL of different
solutions. It was found that higher extraction
efficiency and cleaner extract were obtained using
a deionized water solution compared to other
solutions.

3.2.2. Elution solvents

The maximum extraction recovery was observed
when a 50 pL methanol-acetic acid solution at an
80:20 ratio (v/v) was utilized as the elution solvent.

3.2.3. Sample volume and extraction cycles

The study’s results highlighted that an increase
in sample volume enhanced the extraction
efficiency of HA, MA, tt-MA, and m-MHA from
spiked urine samples. An optimal condition was
identified at 8x150 pL and utilized for subsequent
experiments.

3.2.4. Temperature and pH of sample solution
The maximum extraction of MA, tt-MA, HA,
and m-MHA occurred at a pH level of 4. Notably, a

significant recovery percentage increase for MA and
tt-MA was recorded at 30°C. Furthermore, 40°C was
selected as the ideal temperature for extracting HA
and m-MHA from spiked urine samples.

3.3.Method validation:

The validated parameters of the developed
methods are summarized in Table 1. Under
the optimized COF-MEPS conditions, a strong
correlation (r* > 0.99) was found between the
concentration of analytes and the peak area ratio
across a concentration range of 0.06-6.4 ug/mL for
tt-MA, 0.5-320 pug/mL for MA, and 0.1-25 pg/mL
for HA and m-MHA. After each extraction, the
packed adsorbent was cleansed twice with 100 pL
of the eluting solution, followed by another two
times with 100 uL of acetone solution. Following
the clean-up process, the carry-over remained at
0.1% or less between the two extractions.

3.4.Comparison of the extraction methods

The ability to extract MA, tt-MA, HA, and
m-MHA from urine samples using only a single
adsorbent and a minimal final elution volume was
demonstrated through the COF-MEPS procedure,
surpassing earlier methods using HPLC-UV (as
shown in Table 2).

Table 1: Method validation results for spiked urine samples under optimized conditions.

LDR Precision (%) Precision (%)
Analytes
(ng/mL) Intra-day Inter-day
MA 0.5-320 3.7 3.1
HA 0.16-25 2.4 6.5
tt-MA 0.06- 6.4 4.3 7.8
m-MHA 0.16- 25 4.1 5.4

Accuracy (%) LOD LOQ Recovery
(ng/mL)  (ug/mL) (%)
19 0.05 0.16 81.0
16.2 0.05 0.16 83.8
18.4 0.02 0.06 81.6
12.5 0.05 0.16 87.5

Table 2: Comparison of the COF-MEPS procedure with other HPLC-UV methods for the extraction and determina-
tion of target biomarkers.

Linear range

(pg/mL) (%) (%)

Method Target analyte (ug/mL)
Derivation MA 1-16

MIP- MEPS MA 0.2-20
SAX-SPE tt-MA 0.1-10
DLME tt-MA 0.12-2
D-puSPE HA 5-200
Ultrasonic HA 0.005-4

LLE MHA 100-500
MOEF-MEPS MHA 1-1500

LOD EE RSD
1 78.1- 83.8 2.4-18.9

0.06 > 88.8 3.5-6.1

0.1 72-101 2.7-10
0.037 83.4-94.8 <6
0.02 >97 0.4-4.6
0.001 96-103.3 3.2-7.1

15 >93.1 43-6.9
0.005 > 96 3.5-11.1
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3.5.Real sample analysis

Five real urine samples were procured from
male gas station workers in Hamadan (western
Iran) for testing with the developed method under
optimized conditions. Each sample was analyzed
in triplicate, and the relative standard deviations
(RSDs) were calculated for each. The RSD values,
falling within an accepted range, varied between
4.8-9.7 % for tt-MA, 4.1-7.9 % for MA, 3.9-8.2 %
for HA, and 4.7-11 % for m-MHA.

4. CONCLUSIONS
The procedure’s many advantages are
evidenced by the experimental results, such

[ Dow!ed from jhsw.tums.ac.ir on 2026-06-17 ]

as clean extraction, the capability to extract
all analytes using a single adsorbent, limited
elution volume requirements, rapid preparation
of the absorbent for subsequent extractions,
high extraction recoveries, notably low LODs,
excellent repeatability and reproducibility, and
shorter extraction time. Given its performance,
this procedure can be deemed a highly efficient
method for extracting and determining VOC
biomarkers in urine samples, providing an
alternative to previously established methods
using HPLC-UV. The implementation of this
procedure is crucial for the management of high-
heat-stress environments.
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2. Quality control samples (QCs)
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2. Limit of detection
3. Limit of quantification
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1. Relative standard deviation
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