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This study focuses on developing an analytical method to efficiently extract and concentrate several adipate
and phthalate plasticizers that can migrate from plastic packaging into various wound disinfectants. The study
employed an approach that combined dispersive micro solid phase extraction with dispersive liquid-liquid
microextraction using ZIF-4 as an adsorbent. The adsorbent was thoroughly characterized to understand

its properties. The microextraction step concentrated the target compounds for analysis using gas
Received 6th May 2025 chromatography. After plasticizer adsorption onto ZIF-4, the analytes were desorbed using acetonitrile. The
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method demonstrated good performance by high extraction recoveries (61-95%) and enrichment factors

DOI: 10.1039/d5ra03198b (305-475), low detection (0.16-0.28 pg L) and quantification (0.54-093 nug LY limits, and good
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1 Introduction

Plastic has become an integral component of contemporary
society, pervading numerous aspects of daily life."* Plastic's
lightweight design, flexibility, ease of handling, and afford-
ability have made it ubiquitous in our lives. From food pack-
aging to medical equipment, it offers undeniable benefits.?
Most plastic polymers contain different additives like antioxi-
dants, plasticizers, and colorants. These additives play critical
roles in both processing efficiency and the final products’
performance characteristics such as durability, flexibility, and
aesthetics.* Several types of phthalate esters are commonly used
as plasticizers, including di(2-ethylhexyl) phthalate (DEHP), di-
iso-butyl phthalate (DIBP), and di-n-butyl phthalate (DNBP),
along with di(2-ethylhexyl) adipate (DEHA).® For instance,
DEHA is frequently found in the polyvinyl chloride films used in
food wrapping and drug containers.® Even polyethylene tere-
phthalate bottles, commonly used for beverages, can contain
varying amounts of phthalate esters. The critical factor resides
in the weak intermolecular interactions exhibited between
plasticizers and the polymer chains.” Instead, only weak
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precision (relative standard deviation less than 7% for intra- and inter-day precisions).

physical interactions bond them to each other. Studies have
implicated phthalates in a spectrum of health concerns,
including reproductive dysfunction, endocrine disruption, male
infertility, dermatological conditions, obesity, and metabolic
disorders. Nephrotoxicity and hepatotoxicity have been
observed even with low-level and chronic phthalate exposure.®®
These potential health risks have led to increased attention
from international regulators.’ Studies have shown how
important it is to accurately detect and measure phthalates to
ensure product safety and protect human health. Traditionally,
gas chromatography (GC)'** and high performance liquid
chromatography (HPLC)"*** have been the main methods used
to analyze plasticizers in different materials. However, GC can
not be used in aqueous samples, and HPLC can be negatively
affected by the sample itself and result in trouble. Therefore,
initially, it is inevitable to perform sample preparation steps.
Sample preparation methods like liquid-liquid extraction'>*®
and solid phase extraction (SPE)'*® were used to concentrate
and purify the analytes before chromatographic analyses. In
recent years, there has been a shift towards more efficient and
compact sample preparation techniques. Methods like disper-
sive liquid-liquid microextraction (DLLME)*" and its varia-
tions have gained popularity due to their ability to
preconcentrate analytes from complex matrices, often with
reduced solvent consumption and improved sensitivity
compared to traditional methods. To address the limitations of
conventional SPE, such as cartridge clogging, dispersive micro
solid phase extraction (DuSPE)**** was developed. These
advancements collectively contribute to improved analyte
extraction recovery (ER) and enrichment factor (EF), ultimately
enhancing the overall analytical performance.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Metal-organic frameworks (MOFs), renowned for their
exceptional properties such as extensive surface area and cus-
tomizable structures, represent a revolutionary class of mate-
rials.>*** Their versatility has driven their application across
diverse fields including environmental remediation, energy
storage, and drug delivery. Analytical chemistry employs MOFs
in chromatography and sample preparation. Some MOFs, such
as MOF-5, UMCM-1,* and NiGA,* have shown promise in the
extraction and preconcentration of plasticizers. Zeolitic imida-
zolate framework (ZIF) is a well-known type of MOF that is
highly stable under heat and it is chemically resistant. It is also
an excellent material for creating hollow nanostructures.

In this study, ZIF-4 was successfully synthesized and char-
acterized as an MOF. Subsequently, ZIF-4 was effectively
employed in a combined DuSPE-DLLME process to extract and
preconcentrate some plasticizers including DEHA, DEHP, DIBP,
and DNBP from various wound disinfectant samples. The main
innovation of this method is the first time use of ZIF-4 as an
adsorbent in a sensitive analytical technique for extraction of
various plasticizers. Additionally, its rapid release of the
captured plasticizers enhances the overall efficiency of the
analytical process.

2 Experimental
2.1 Chemicals and solutions

Imidazole, N,N-dimethylformamid (DMF), and zinc nitrate
hexahydrate, all obtained from Merck (Darmstadt, Germany),
were used in the ZIF-4 synthesis. The target analytes consisting
of DNBP, DIBP, DEHP, and DEHA were prepared from Sigma-
Aldrich (St. Louis, MO, USA). Hydrochloric acid (37%, w/w)
and sodium hydroxide obtained from Merck were employed
for pH adjustments of solutions. Deionized water was provided
from Ghazi Co, (Tabriz, Iran). Sodium sulfate, sodium chloride,
acetonitrile (ACN), methanol, 1-propanol, and 2-propanol were
obtained from Merck. Analytical grade extraction solvents,
including chloroform, 1,2-dibromoethane (1,2-DBE), and 1,1,1-
trichloroethane (1,1,1-TCE), procured by Janssen (Beerse, Bel-
gium) were utilized in this study. Deionized water was used to
dilute a methanolic stock solution at a concentration of
500 mg L' of each analyte.

2.2 Samples

Three different wound disinfectant solutions were obtained
from a pharmacy in Tabriz, Iran. All samples were stored at
room temperature before being used in the proposed method.
To prepare the samples for analysis, deionized water was
employed for diluting the samples at a ratio of 1:4 (deionized
water : disinfectant).

2.3 Apparatus

To detect and measure esteric compounds, a Shimadzu GC-FID
(model 2014) device with a split/splitless inlet system (Kyoto,
Japan) was used. The chromatographic separation was per-
formed on a Zebron capillary column (30 m x 0.25 mm i.d., 0.25
pm film thickness) composed of 95% dimethyl and 5% diphenyl
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polysiloxane (Phenomenex, Torrance, CA, USA). The GC system
was optimized at the temperature of 300 °C for both the injec-
tion port and FID. Sampling time of 1 min, and a split ratio of
1:10 were employed. A temperature programming was applied
in the column oven, starting at 60 °C for 1 min and increasing to
300 °C at a rate of 18 °C min ™", followed by a holding time of
3 min at the end of the separation process. Helium (99.999%,
Gulf Cryo, Dubai, United Arab Emirates) was used as the carrier
(30 cm min~') and makeup gas (30 mL min ') gases, while air
and hydrogen were employed for the FID. A Zebron capillary
column was used for separation. GC-(mass spectrometry) MS
analysis was conducted on a Shimadzu GC-MS-QP2010 plus
instrument. The GC-MS separation was performed using
a Phenomenex, Zb-35 HT capillary column (20 m x 0.18 mm
i.d., a film thickness of 0.18 pm). Helium was used as the carrier
gas with a flow rate of 0.66 mL min '. The oven temperature
programming began at 60 °C, held for 2.0 min, ramped to 300 ©
C at a rate of 20 °C min~ ", and finally held for 6.0 min. The
injection port temperature for the GC-MS system were identical
to that used in the GC-FID system. A Hettich centrifuge and an
L46 vortex were used in sample preparation. A Metrohm pH
meter model 654 was employed for pH measurement.

2.4 ZIF-4 synthesis

A previously described method was used to synthesize ZIF-4.”
Zinc nitrate hexahydrate (1.37 g) and imidazole (0.9 g) under-
went dissolution in 40 mL of DMF. The solution was stirred for
10 min. After its transferring into a 100 mL autoclave, it was
sealed tightly and underwent a solvothermal reaction at 130 °C
for 48 h in an oven. The cooled autoclave was stored overnight,
followed by washing the synthesized product with DMF (3 x 50
mL) and drying it on filter paper overnight.

2.5 Extraction procedure

Each analyte was spiked into 5 mL deionized water and 1.0 g
Na,S0O, was dissolved in it. ZIF-4 (20 mg) was then added and
vortexed for 5 min to adsorb the analytes. The MOF particles
were centrifuged at 7000 rpm for 5 min in order to settle down
the particles. The aqueous phase was discarded and ACN (1.5
mL) was added onto the sorbent particles, followed by vortexing
for 1 min to desorb the analytes into the organic phase. During
the following DLLME step, the eluent containing the extracted
analytes was centrifuged for 5 min at 7000 rpm and used as the
disperser solvent.

2.5.1 DLLME. The ACN phase obtained from DuSPE
procedure was combined with 30 pL of 1,2-DBE and rapidly
injected into a 10 mL conical bottom glass test tube filled with
5 mL deionized water. The emulsion formation facilitated the
transferring and preconcentration of the target analytes into the
extraction solvent. In order to isolate the organic phase, the
cloudy solution was centrifuged (7000 rpm for 5 min) resulting
in the sedimentation of the extractant at the bottom of the tube.
A volume of 10 + 0.5 pL of the sedimented phase was collected.
One microliter of it was injected into the separation system.
Fig. 1 shows the extraction procedure.

RSC Adv, 2025, 15, 32328-32336 | 32329
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Fig. 1 Extraction procedure steps.

2.6 Calculation of EF and ER

According to eqn (1), the analyte's EF is the ratio of an analyte's
concentration in the extracted phase (Csq) to its initial
concentration (Cj).

Csed
EF = — 1
& (1

ER is defined as the percentage of the analyte number
transferred from the aqueous phase into the extractant (7geq) to
its number in the aqueous sample (1,) (eqn (2)).

ER = "0y 100 = Gt X Voea | y00 _ gy Vet
no CO X Vaq Vaq

%100 (2)

In this equation, V.4 represents the volume of the settled
organic phase, while V,4 represents the volume of the original
aqueous solution.

3 Results and discussion
3.1 Characterization of ZIF-4

XRD analysis is an indispensable technique for characterizing
the crystalline nature and confirming the successful synthesis
of the target compound. The resulting XRD pattern, shown in

32330 | RSC Adv, 2025, 15, 32328-32336

Injection of the sedimented

phase into the separation

system

Fig. 2A, displays a series of distinct peaks at approximate 26
values of 14, 15, 17, 18, 20, 21, 26, 27, 30, 31 and 32° Which
corresponds to crystallographic planes 121, 202, 221, 023, 311
and 004 of ZIF-4. Based on these peaks, it is concluded that the
material is crystalline. Also, the overlapping of the neared
pattern and the previous report* and simulated pattern of ZIF-4
confirms the accuracy of the product.”

The FTIR spectrum of ZIF-4 (Fig. 2B) exhibits characteristic
peaks at specific wavenumbers that correspond to different
vibrational modes of the MOF functional groups. These peaks
provide valuable insights into the molecular structure and
bonding interactions present in the material. The peak at
668 cm ™! indicates the Zn-N stretching vibration, suggesting
strong coordination between zinc and nitrogen atoms in the
ZIF-4 framework. The peak at 1677 cm™ ' points to the C=N
stretching vibration, indicative of organic functional group
within the imidazole ring. In addition, the peak at 1172 cm ™!
arises from C-H bond bending, while peaks at 1243 and
1495 ¢m™' correspond to C-N and C=C bond stretching
vibrations, respectively, within the organic framework of ZIF-4.

SEM analysis provides high-resolution images, allowing for
detailed understanding the material's surface morphology. This
technique is particularly valuable for obtaining microscopic
images of ZIF-4. The SEM images in Fig. 2C and D reveal that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD pattern (A), FTIR spectrum (B), SEM images (C and D), EDX spectrum (E), and BET curve (F) of MOF.

ZIF-4 has a rod-like morphology with a smooth surface, making
it a potent adsorbent for the target analytes.

EDX analysis results that are shown in Fig. 2E confirm the
presence of carbon, nitrogen, and zinc elements with the rela-
tive percentages of 39.25.1% (carbon), nitrogen, 37.57%
(nitrogen), and 23.18% (zinc).

The nitrogen adsorption/desorption analysis of ZIF-4 shows
that its total pore volume is 0.021 cm® g%, its specific surface area
is 3.60 m* ¢~ ', and its average pore diameter is 24.29 nm. These
values were determined from the BET plot presented in Fig. 2F.

3.2 Optimization of extraction parameters

Several weights of ZIF-4 (5, 10, 15, 20, and 25 mg) were inves-
tigated to develop DuSPE procedure to assess the impact of
MOF weight. Fig. 3 shows the results of the experiments. The

analyses reveal that 20 mg of ZIF-4 is the optimum sorbent
weight. High weights (>20 mg) result in decreased ER values,
possibly due to adsorbent particle agglomeration or inefficient
elution of the analytes from ZIF-4 surface. Conversely, lower
weights lead to lower ERs as well, likely due to reduced MOF
accessibility in solution for adsorption. Consequently, 20 mg of
ZIF-4 was chosen for the further optimization steps.

To investigate ionic effect, the ionic strength was adjusted
using 1.0 mol L™ solutions of Na,SO, and NaCl, separately. It is
shown in Fig. S1 that the introduction of Na,SO, leads to a huge
improvement in ERs for all analytes. Then, the effect of Na,SO,
concentration was investigated between 5 and 25% (W/v).
Following analysis of the results in Fig. S2, concentration of
20% (w/v) was selected due to favorable ERs. Consequently, 20%
(w/v) Na,S0O, solution was chosen for the subsequent steps.

Amount of MOF (mg)

100 5 10
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40
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20
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ER %

15 u20

DIBP DNBP

DEHA DEHP

Fig.3 Optimization of MOF amount. Extraction conditions: DuSPE procedure: agueous solution, 5 mL of Na,SOj solution (1 mol L™) containing
the analytes (without pH adjustment); desorption solvent (volume), ACN (1.0 mL); vortexing time in adsorption and desorption steps, 5 min; and
centrifugation time (speed), 5 min (7000 rpm). DLLME procedure: aqueous phase, 5 mL of deionized water (without salt addition or pH
adjustment); extraction solvent, 30 pL of 1,2-DBE; and centrifugation time and speed, 5 min and 7000 rpm, respectively.
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Fig. 4 Selection of desorption solvent type. Extraction conditions: are the same as those used in Fig. S4, except 20% (w/v) Na,SO4 was used as

the salting-out agent in the DuSPE step.

To examine the effect of pH on ERs, which can be influenced
by changes in the chemical structures of both the MOF and the
target analytes, a range of pH values (3 to 11) was investigated
using 1 mol L™ solutions of HCl or NaOH. Fig. S3 indicates that
the neutral pH of 7 yields the most effective extraction of the
target compounds. Consequently, no further pH adjustments
were necessary during the optimization experiments.

To ensure optimal adsorption of analytes onto ZIF-4 parti-
cles, a vortexing step was employed. To determine the optimal
vortexing time, various durations (1, 3, 5, 7, and 9 min) were
tested. Fig. S4 demonstrates that a 5 min vortexing time was
sufficient to achieve satisfactory desorption. Therefore, the
subsequent experiments were conducted using 5 min vortexing
time.

To effectively recover the adsorbed analytes from the MOF
surface, a suitable desorption solvent is necessary. Four
solvents (2-propanol, acetone, methanol, and ACN) were eval-
uated for their desorption efficiency and dispersing capabilities
in the subsequent DLLME step. The experimental data in Fig. 4
indicate that ACN is the most effective solvent due to its supe-
rior performance in both desorption and dispersion. To opti-
mize the volume of ACN, a range of volumes (0.5, 1.0, 1.5, and

2.0 mL) were evaluated. As shown in Fig. S5, 1.5 mL of ACN
provides the optimum balance between efficient desorption and
minimal interference with the DLLME process. Volumes
exceeding 1.5 mL could reduce the polarity of the aqueous
phase, hindering analyte transferring into the organic phase.
Conversely, smaller volumes might be insufficient for complete
desorption. Therefore, 1.5 mL of ACN was chosen as the
optimum desorption/disperser solvent for subsequent
experiments.

To optimize the desorption process and ensure efficient
analytes recovery from the MOF surface, a vortexing step was
implemented. A range of vortexing times, from 0.5 to 9 min, was
investigated to determine the optimal duration. The results
(Fig. 5) indicate that 1 min vortexing time is sufficient to achieve
effective desorption for most analytes. Therefore, 1 min vor-
texing time was selected for the subsequent desorption steps.

To further concentrate the analytes after the DuSPE step,
a DLLME step was incorporated. The selection of an extraction
solvent necessitates careful consideration of several key prop-
erties. These include miscibility with the disperser solvent, low
water solubility, and a density exceeding that of water to ensure
efficient phase separation through -centrifugation. Three

Vortexing time in desorption step in DuSPE (min)

0.5 1

ER %
3

3

5 u7

DIBP DNBP

DEHA DEHP

Fig. 5 Optimization of vortexing time in desorption step. Extraction conditions: are the same as those used in Fig. S5, except 1.5 mL ACN was

selected as elution solvent.
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solvents were considered: 1,2-DBE, chloroform, and 1,1,1-TCE.
To obtain a consistent final volume of 10 + 0.5 pL, specific
volumes of each solvent were used: 30 uL for 1,2-DBE, 34 uL for
chloroform, and 40 pL for 1,1,1-TCE. As shown in Fig. S6, 1,2-
DBE provides the best ERs among all analytes.

Different volumes of 1,2-DBE (30, 35, and 40 pL) were eval-
uated to determine its optimum amount. 30 pL is the most
effective volume, as shown by the data in Fig. S7. To investigate
the impact of salt content on DLLME efficiency, two salts,
Na,S0, and NaCl, were evaluated at a concentration of 5% (w/v).
A salt-free solution was also included for comparison. Fig. S8
illustrates that pure water consistently outperforms the salt
solutions in extracting all analytes.

Changes in pH during the DLLME process can affect the
analytes chemical properties and their ability to be extracted by
the chosen solvent. To examine this, the method was performed
at various pH levels between 3 and 11. The results (Fig. S9)
indicate that deviating from the neutral pH reduces the
extraction efficiency of the target compounds. Consequently,
the extraction procedure was carried out without pH
adjustment.

3.3 Adsorption capacity

The adsorption capacity of ZIF-4 for the studied analytes was
calculated using eqn (3).

(Co—Cg)V
m

O = (3)
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In this equation, Cy (mg L") represents the equilibrium
concentration of the analyte between the sample and adsorbent,
Co (mg L") is the initial concentration of the analyte in the
sample, V is the volume of the solution, and m (g) represents the
amount of adsorbent. The adsorption capacities of ZIF-4 for

1 @ (3 @
- J\_ l\._ M\ (GY]
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Detector response
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75 10.0 125
Retention time (min)

Fig. 6 GC-FID chromatograms of standard solution of the analytes
500 mg L™* of each in methanol (A), aqueous solution (500 g of each)
(B), and wound disinfectant (C). The proposed method was applied on
them and 1 pL of the final sedimented organic phase was injected into
GC-FID, except chromatogram (A) in which organic phase was
injected directly. Peaks identification: (1) DIBP, (2) DNBP, (3) DEHA, and
(4) DEHP.

Table 1 Quantitative features of the developed analytical method for the analytes

RSD?
Analyte LOD* LOQ? LR’ 4 Intra-day Inter-day EF + SD/ ER =+ SD?
DIBP 0.23 0.75 0.75-500 0.994 3.70 5.36 305 + 10 61 £ 2
DNBP 0.28 0.93 0.93-500 0.996 2.39 5.08 345 £ 10 69 + 2
DEHA 0.20 0.65 0.65-500 0.996 4.30 4.66 370 + 15 74 £3
DEHP 0.16 0.54 0.54-500 0.993 3.82 6.76 475 £ 20 95+ 4

“ Limit of detection (S/N = 3) (ug L ™). ? Limit of quantification (S/N = 10) (ug L"). © Linear range (ug L ). ¢ Coefficient of determination. ¢ Relative
standard deviation at a concentration of 300 ug L™" of each analyte for intra- (n = 4) and inter-day (n = 3) precisions.” Enrichment factor + standard

deviation (n = 3). ¥ Extraction recovery + standard deviation (n = 3).

Table 2 Study of matrix effect in the wound disinfectants spiked at different concentrations

Mean relative recovery + standard deviation (n = 3)

Analyte Wound disinfectant#1

Wound disinfectant#2 Wound disinfectant#3

All samples were spiked with each analyte at a concentration of 150 pg L™ *

DIBP 110 + 4
DBP 108 £ 3
DEHA 115+ 5
DEHP 104 + 4

All samples were spiked with each analyte at a concentration of 300 pg L™*

DIBP 91+3
DBP 86 + 2
DEHA 113 £ 5
DEHP 114 £ 4

© 2025 The Author(s). Published by the Royal Society of Chemistry

87 £3 112 £ 4
109 £ 3 92 £2
116 £ 5 98 +4
109 + 4 99 +4
105 + 4 93 £ 3
110 £ 3 117 £ 3
114 £ 5 110 £ 5
112 £ 4 102 + 4
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DIBP, DNBP, DEHA, and DEHP analytes were obtained to be
0.07625, 0.08625, 0.0925, and 0.11875 mg g ', respectively.

3.4 Method validation

The proposed method for extracting and preconcentrating
phthalate and adipate esters was evaluated under optimal
conditions. The method's performance was assessed based on
factors such as limits of detection (LOD) and quantification
(LOQ), linear range (LR), goodness of fit (+*), EF, and precision
expressed as relative standard deviation (RSD). The calculated
LOD and LOQ values ranged from 0.16 to 0.28 ug L™ " and 0.54 to
0.93 ug L7, respectively. The method exhibited excellent line-
arity with r* values exceeding 0.99. RSD values varied from 4.66
to 6.76% for inter-day precisions and from 2.39 to 4.30% for
intra-day precisions. Furthermore, the ER and EF values ranged
from 61-95% and 305-475, respectively. Table 1 summarizes
these findings.

00
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3.5 Real samples analysis

This research aimed to develop a method for detecting specific
plasticizers in wound disinfectants. Deionized water was used
to dilute the samples after they were spiked with known
concentrations of plasticizers. The resulting solution was
analyzed using GC-FID. Table 2 shows that the method's
performance is not significantly affected by the composition of
the samples. This indicates that the method is suitable for
analyzing plasticizers in these types of samples. Fig. 6 compares
the chromatograms of a methanolic standard solution, an
aqueous standard solution, and the extracted samples. Inter-
estingly, a peak is observed in the retention time of DEHP in one
of the samples used chromatogram. To more identify of the
eluted compounds in that retention time, it was also injected
into GC-MS. Fig. 7 illustrates GC-total ions current-MS chro-
matogram of disinfectant solution along with mass data of
DEHP and scan 3594 (13.98 min). This data confirm the
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presence of DEHP in the studies sample. Concentration of
DEHP was 26 & 2.1 ug L' (n = 3) in the studied sample, based
on GC-FID data.

3.6 Comparison with previously published techniques

A comparison of the developed method with existing methodol-
ogies is presented in Table 3. This table provides a summary of
key performance parameters, including ER, EF, LOD, LOQ, RSD,
%, and LR. It was found that the proposed method has compa-
rable or superior LODs and LOQs as well as comparable or lower
RSD values with respect to other approaches. The proposed
method also demonstrated wider LRs compared to previous
approaches. Overall, the proposed analytical approach offers
some advantages for the analysis of the selected plasticizers.

4 Conclusions

This study developed a new analytical method to detect and
quantify plasticizers that migrate from plastic containers into
wound disinfectants. The method combined two extraction
techniques, DUSPE and DLLME, followed by GC-FID analysis.
ZIF-4, a specific type of MOF, was employed as an efficient
adsorbent in the DuSPE step. The synthesized ZIF-4 material
was thoroughly analyzed using various techniques, including
XRD, FTIR, BET, SEM, and EDX. The proposed method exhibi-
ted exceptional performance, highlighted by high ERs (61-95%)
and EFs (305-475), wide linear ranges, and low detection and
quantification limits (0.16-0.28 and 0.54-0.93 ug L™, respec-
tively). The developed technique was successfully applied to
analyze the target analytes in the various wound disinfectant
samples stored in plastic containers.
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Abbreviations

DLLME Dispersive liquid-liquid microextraction
DuSPE Dispersive micro solid phase extraction
EF Enrichment factor

FID Flame ionization detector

GC Gas chromatography

LOD Limit of detection

LOQ Limit of quantification

LR Linear range

MOF Metal-organic framework

RSD Relative standard deviation
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