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A B S T R A C T

Metal-organic framework (MOF)are a great advanced adsorption material for solid-phase extraction due to the 
structure modifications with functional groups like sulfur that enhance the adsorption of heavy metals. A new 
sulfur-rich three-dimensional two-linker MOF (MIL-53(Fe)) was synthesized by grafting 2-mercapto-2-thiazoline 
sulfur and nitrogen as the second linker and then applied as an adsorbent in pipette tip micro solid-phase 
extraction (PT-μSPE) for the determination of Pb (II) and Cd (II) in environmental water samples. The MOFs 
were characterized by FTIR, XRD, TGA, BET, and SEM, which provide evidence for its framework, thermal 
stability, surface area, and morphology. Optimizations of extraction parameters such as pH, sample volume, 
volume of desorption solvent, and acidity of desorption solvent were made to improve the analytical perfor
mance. Optimizations of extraction parameters such as pH, sample volume, volume of desorption solvent, and 
acidity of desorption solvent were made to improve the analytical performance. In the optimal conditions, higher 
surface area and adsorbent capacity per adsorbent weight were obtained for the newly synthesized adsorbent 
containing sulfur and nitrogen when compared to MIL-53(Fe). The linearity range of the developed method was 
0.2–55 μg L− 1 for Pb (II) and 0.04–20 μg L− 1 for Cd (II), while it displayed exceptional linearity (r2 

> 0.99) and 
acceptable precision (RSD% ≤ 6.3). Thio-rich double-linker MIL-53 (Fe) as adsorbent in μSPE was applied for 
analysis spiked river, lake, groundwater, and wastewater samples with Pb (II) concentrations ranging from 5.0 to 
20.0 μg L− 1 and Cd (II) concentrations from 1.0 to 5.0 μg L− 1, as well as standard reference materials. The results 
suggest that the double linker MIL-53(Fe) bearing thio-rich may offer greater adsorption capacity for Pb (II) and 
Cd (II) with a significantly lower detection limit compared to the original MIL-53(Fe).

1. Introduction

The greater toxicity, bioaccumulation potential, and persisting na
ture in the environment render these metals a public health threat and 
an environmental concern in water sources [1]. Among the said con
taminants, Pb (II) and Cd (II) are most significant threats to human life 
since they entail the risk of neurological disorders, organ damage, and 
cancer even at very low levels of exposure [2]. Owing to rapid indus
trialization, heavy metals are continuously discharging into the water 
bodies through the industrial effluents, mining, and poor waste man
agement [3]. The metals are harmful to both fauna and man; therefore, 
Pb (II) and Cd (II) should be removed from industrial effluents before 
they can find their way into surface waters [4]. It is now even more 

dangerous than the second most toxic metal after lead. Lead has been 
thrown out due to human activities, such as automobiles, factories, and 
battery manufacture, causing huge risks to both human health and the 
environment. [5]. According to WHO standards, the maximum permis
sible Pb (II) concentration allowed in drinking water is 10.0 μg L− 1 [6]. 
Toxic Cd has been recognized as one of the major environmental 
contaminate [7,8]. Its presence in lakes makes cadmium a very serious 
pollutant that endangers both aquatic life and water quality due to its 
extremely long biological half-life and toxicity [9]. USEPA establishes 
the permissible value of cadmium in drinking water at 3.0 μg L− 1 [10]. 
Analytical techniques of ICP-MS [11], flame atomic absorption spec
trometry (FAAS) [12] and graphite furnace atomic absorption spec
trometry (GFAAS) [13] can be used in the detection of metal ions. You 
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cannot really detect trace heavy metals in real samples through any of 
the analytical techniques mentioned above, as they all have their limi
tations, including sample matrix effects and limited detector sensitivity 
[14,15]. Therefore, techniques for extraction and determination of these 
dangerous metals have been needed to be highly effective and sensitive 
in the prospect of allowing a safe water supply and public health ben
efits. Different methods of pretreatment such as liquid phase micro
extraction (LPME) [16,17], liquid-liquid extraction (LLE) [18], and solid 
phase extraction (SPE) [19] have been employed to extract and pre
concentrate heavy metal ions from different kinds of sample matrices. 
Other advantages of SPE over other extraction techniques include pro
cess reusability, simplicity, so-called high preconcentration factors, low 
consumption of organic solvents, and high adsorption capacity. 
Different types of SPE are still in operation today [20,21]. The concept 
was further developed into a miniaturized and simpler method of 
extraction, such as pipette tip micro-SPE (PT-μSPE), with advantages 
such as ease of use, small consumption of sample and solvents, and the 
ability to handle great numbers of samples processed through pipette 
tips [22]. The success of μ-SPE greatly depends on the properties of the 
sorbent material, which must have high binding affinities, large surface 
area, and selective adsorption. In this way, MOFs have turned adsorptive 
separation methods upside down with their porosity which is tunable 
and huge surface area, and the last multifunctionality feather in the cap 
[23]. MOFs consist of metal clusters coordinated to the organic linkers 
which permit precise structural design and modification to enhance 
their adsorption capability [24]. Functional groups in the MOFs will also 
induce an improved selective adsorption toward specific target analytes 
that can be successfully applied for heavy metal extraction [25]. The 
performance of the property under consideration in regard to improved 
adsorption performance can be successfully enhanced by functionali
zation with appropriate functional groups or structural defect creation 
[26]. The Pb (II), Cd (II), and Hg (II) are the most frequently used species 
for effective removal with sulfur-functionalized materials, owing to the 
strong binding affinity of the sulfide groups toward the soft heavy-metal 
entities. Normally sulfur has been incorporated into new adsorbents 
derived from a MOF using two approaches: selection of sulfur- 
containing ligands to act as linkers for in-situ or post-synthesis func
tionalization of the new MOFs [27]. These ligands are now exchanged in 
the mixed-ligand MOFs and are expected to introduce some new func
tional groups. The latter developed has sulfur-functionalized MOF 
(Fe3O4 @UiO-66-SH) using 2,5-dimercaptoterephthalic acid as the 
ligand for mercury profiling in water [27]. Post-synthetic functionali
zation of UiO-66-NH2 via 2,5-Dimercapto-1,3,4-thiadiazole was utilized 
to remove Hg(II) [28]. A mixed-ligand MOF (DUT-67-SH) has been 
successfully constructed by the combination of 2,5-thiophenedicarbox
ylic acid and thioglycolic acid for the removal of Hg(II) [29]. Xu et al. 
[30] went further to the preparation of MOF-808-SD via a mixture of 
tetracarboxyporphyrin and trimesic acid and realized the high adsorp
tion capacity of Hg (II). Multi-ligand thiol functionalized defective Zr- 
MOFs were constructed from 2,3-dimercaptosuccinic acid and mercap
tosuccinic acid for the removal of Hg (II), Cd (II), and Pb (II) [26]. Post- 
synthetic modification of MIL-100 (Fe) via ethanedithiol was used for 
the removal of Hg (II), Cd (II), and Pb (II), which is the only Fe- 
containing MOF reported in this field [31]. The use of MOF and PT- 
μSPE provides a simple analytical technique for the determination of 
heavy metals in various samples. This type of application is limited by 
the difficulty in preparing a suitable MOF that can adsorb heavy metals 
with high capacity; a number of recent studies have been conducted to 
achieve this goal [32]. The use of a Zr-MOF in PT-μSPE for the extraction 
of Hg (II) from fish samples has been reported [33]. In addition, another 
study reported the determination of cadmium using amino- 
functionalized-Zr-MOF in PT-μSPE, which showed an increased selec
tivity compared to a previous study conducted with Zr-MOF [34].

In this study, defective thio-rich linker MIL-53(Fe) was synthesized 
through a one-pot reaction by mixing 2-mercapto-2-thiazoline and the 
original MIL-53(Fe) backbone. By adding sulfur-containing linkers to 

the backbone of the MOF, the synthesis becomes simpler, with less 
solvent consumption (single-step synthesis and washing without post- 
synthesis modification) and with chemical stability evidenced by the 
achieved high reusability. Synthesized functionalized MOFs, which were 
applied to adsorb some of metals, have been reported in the critical 
review recently [35] however, this is the first time that a thioether 2- 
mercapto-2-thiazoline with two sulfur groups was incorporated into 
MIL-53(Fe) for solid-phase extraction as an adsorbent for enriching and 
detecting Pb (II) and Cd (II) metals in water samples. The novel syn
thesized double-linkers was incorporated as the sorbent within pipette 
tips and optimized several analytical parameters, including pH of sam
ple, sample and desorption solvent volumes, and acid concentration of 
desorption solvent using thio-rich double-linker MIL-53(Fe) as the sor
bent. Then, extracted Pb (II) and Cd (II) were quantified by GF-AAS. The 
adsorption capability and extraction performance of the thio-rich double 
link MIL-53(Fe) for Pb (II) and Cd (II) were thus evaluated and compared 
in detail with MIL-53(Fe). Results confirmed that the Pb (II) and Cd (II) 
adsorption capabilities were augmented by the presence of sulfur in the 
thio-rich double-linker, while the extraction efficiency also was 
improved with increasing total pore volume.

2. Material and method

2.1. Materials

We got our N,N-Dimethylformamide (DMF, 99.8 % purity) from 
Scharlau in Spain. Iron (III) chloride hexahydrate (FeCl3⋅6H2O, 97 % 
purity), terephthalic acid (C6H4(COOH)2, TPA ≥ 98 % purity), and so
dium nitrate (NaNO3, 99 % purity) were provided by Beachem Chemo 
Pharma, France. The 2-mercapto-2-thiazoline (C3H5NS2, 2-MT at 97 % 
purity) was purchased from Fluka AG, Switzerland. Methanol of the 
highest purity (99.9 %) and nitric acid (HNO3 65 %) were from Merck, 
Germany. Sodium hydroxide (NaOH ≥98 % purity) was purchased from 
Karlsruhe, Germany. A stock solution containing 1000 mg L− 1 of Cd (II) 
and Pb (II) was obtained from Merck, Darmstadt, Germany. The stan
dard solutions of the metals in question were prepared in ultrapure 
water and HNO3 (0.2 M).

2.2. Apparatus

Kindly see the supplemental information for specific information 
regarding the Apparatus.

2.3. GF-AAS conditions

Also included in the system were an atomic absorption spectropho
tometer, PinAAcle 900 T (PerkinElmer, USA), WinLab32 software, and a 
highly efficient optical system, specifically designed to maintain suitable 
signal-to-noise ratios. Argon gas (99.999 % purity, Air Products, UK) 
was the inert gas used. Heated injection methods were employed for the 
analyses of Pb (II) and Cd (II). An autosampler automatically injected 
15.0 μL of extraction solvent into the atomizer for measurement. The 
experimental conditions and preferred graphite furnace temperature 
program used in this study are summarized in Table 1.

2.4. Synthesis of MIL-53 (Fe)

The synthesis of MIL-53 (Fe) was performed as previously estab
lished. The mixture consisted of 9.63 mmoles of terephthalic acid, 7.39 
mmoles of (FeCl3-6H2O), and 20.0 mL of N,N-dimethylformamide 
(DMF), and it was vigorously stirred for 1 h. The mixture was trans
ferred, as shown in Fig. 1a, to a Teflon-lined stainless-steel autoclave and 
heated at 150 ◦C for 16 [36]. After the reaction, cool down the autoclave 
from that temperature to room temperature. This is followed by 
centrifugation at 6000 rpm for 5 min to separate the supernatant from 
the yellow precipitate. The resulting material was washed with DMF 
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under stirring for 24 h. This was again followed by centrifugation of the 
product at 6000 rpm for 5 min, after which it was subjected to methanol 
washing, repeating this washing step thrice. Finally, the purified MIL-53 
(Fe) ended drying in an ordinary oven at 100 ◦C for 12 h.

2.5. Synthesis of thio-rich-double linker MIL-53 (Fe)

For synthesis of thio-rich-double linker MIL-53 (Fe), a similar syn
thesis method has been utilized for MIL-53(Fe), but with a few changes 
from the original. The normal procedure used was a combination of 6.7 
mmol of terephthalic acid, 7.39 mmol of FeCl3.6H2O, and 3.01 mmol of 
2-mercapto-2-thiazoline (2-MT) and mixed in 20.0 mL DMF. As shown 
in Fig. 1 a, the stirrer was stirred with great intensity for 1 h. After this, it 
was placed inside a Teflon-lined stainless-steel autoclave and heated at 
150 for 16 h. After the reaction, the autoclave is cooled down to room 
temperature. The precipitate of the thio-rich double-linker MIL-53(Fe) 
was separated from the reaction mixture by centrifugation. The ob
tained solid was then washed with DMF two times and left stirring for 
24 h to desorb the unreacted terephthalic acid adsorbed within the MOF 
pores. MOFs powder was removed from the solution by centrifugation at 
6000 rpm for five minutes. This product was then washed extensively 
with methanol (3 × 50 mL), followed by vacuum drying at 100 ◦C for 12 

h.

2.6. Preparation of pipette tip for SPE

18.0 mg of thio-rich double-linker MIL-53 (Fe) sorbent was filled 
uniformly on filter paper and was placed into a 1 mL pipette tip. This 
pipette tip was connected to a 60 mL syringe, as illustrated in Fig. 1b. 
Conditioning of the packed sorbent was done by washing with 2.0 mL of 
0.2 mol L− 1 HNO3. After preparation, the micropipette-tip micro-SPE 
was used for the pre-concentration of Pb (II) and Cd (II) ions from the 
water sample.

2.7. Preparation of samples

Kindly see the supplemental information for specific information 
regarding the preparation of samples.

2.8. Extraction procedure

All samples were adjusted to a pH of 7.5 with the addition of a 0.01 
mol L− 1 solution of HNO3 and a 0.01 mol L− 1 solution of NaOH for the 
extraction of Pb (II). Next, 60.0 mL of either the non-spiked or spiked 
samples with the target ion were passed separately through a pipette tip 
packed with the thio-rich double-linker MIL-53(Fe) sorbent (flow rate 3 
mL min− 1). Desorption of the retained Pb (II) was then carried out with 
2.5 mL of HNO3 (0.3 mol L− 1) as the eluting solvent. In the case of Cd 
(II), the solution was adjusted to pH 8.5 with 0.01 mol L− 1 HNO3 and 
0.01 mol L− 1 NaOH. Then, 60.0 mL of the spiked or non-spiked samples 
were passed through the pipette tip filled with sorbent and subsequently 
eluted with 2.0 mL of HNO3 (0.3 mol L− 1). Finally, the assembled 
desorption solvent of the extracted Cd (II) and Pb (II) was analyzed by 
the graphite furnace atomic absorption spectrometer (GFAAS).

2.9. Adsorption experiments

Adsorption experiments under optimum conditions, adding 40.0 mg 
of thio-rich double-linker MIL-53 to 60.0 mL of Cd (II) and Pb (II) so
lutions with known concentrations, were stirred for 2 h. The synthesized 
adsorbent was then separated from the supernatant by centrifugation, 
and the concentration of Cd (II) and Pb (II) in the supernatant was 
determined using GF-AAS. The adsorption capacity (Qe, mg⋅g − 1) can 
then be calculated from the following equation: 

Table 1 
Operating conditions of graphite furnace temperature program for determina
tion of Pb (II) and Cd (II).

Instrumental conditions

Wavelength/nm Cd:228.8, Pb:283.3
Spectral bandwidth/nm 0.7
Lamp current/mA 8 and 10
Integration mode Peak height
Sample volume/μL 1 5
Background correction D2
Chemical modifier 0.05 mg NH4H2PO4 + 0.003 mg Mg(NO3)2

Graphite furnace temperature 
program

​

Step Temperature (◦C), 
time (sec)

Argon flow rate (L min− 1)

Cd Pb
Dry1 110 110 0.25
Dry2 130 130 0.25
Pyrolysis 500 850 0.25
Atomization 1500 1600 0
Clean 2450 2450 0.25

Fig. 1. (a) The visualized procedure of synthesizing MIL-53(Fe) MOF and the newly developed double-linker MIL-53 (Fe). (b) A schematic preparation of the MOF 
packing process in pipette tips used for PT-μSPE fabrication.
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Qe =
(C0 − Ce)V

m 

Here, Qe (mg g− 1) defines the volume at which saturated adsorption 
occurs (equilibrium); V (L) is the volume of the solution; Co defines the 
initial concentration of metals at the beginning of the process, while Ce 
defines the concentration of metals after equilibrium; and, finally, m (g) 
represents the mass of adsorbent [37].

3. Results and discussion

3.1. Characterization

We characterized the synthesized materials’ surface morphology and 
particle size through scanning electron microscopy techniques. Fig. 2a 
and b show that pristine MIL-53(Fe) possesses a crystalline morphology 
extending from rod-like to plate-like and irregular forms with aggre
gated particles. The bigger crystals are crowned by smaller spherical 
nanoparticles, with particle size measurement of 99.73 and 107.4 nm. 
This gives rise to a non-uniform emerging surface, making the access to 
active adsorption sites difficult [38]. The thio-rich double-linker MIL-53 
(Fe) in SEM images provides a diametrically opposite presentation, as 
seen in Fig. 2c and d; otherwise, there is marked change in shape 
together with other surface characteristics of the particle. The particles 
are shaped like spheres and tightly packed with a grainy and hole-ridden 
structure. The particles are smaller, measuring to be around 64.49 and 
94.43 nm. The size reduction in the particles and the improved 
morphological uniformity may have happened due to the introduction 
of the second linker, 2-mercapto-2-thiazoline, which is likely sulfur and 
nitrogen-assisted in controlling nucleation during the entire synthesis 

reaction.
The EDX analysis, elemental quantitative data table and elemental 

mapping of the thio-rich double-linker MIL-53 (Fe) are shown in Fig. 3. 
The percentage of the index elements is indicated by the EDX spectrum 
in the thio-rich double-linker MIL-53 (Fe) (S = 4.3 %, Fe = 17.7 %, N =
1 %, C = 31.2 %, O = 45.8 %). Furthermore, in the thio-rich double- 
linker MIL-53 (Fe), a uniform distribution of elements was revealed, 
indicating the contribution of N and S in the MOF structure. Fig. 3 shows 
the uniform distribution of elements in the prepared two-linker MOF. 
The EDX elemental analysis of the synthesized thio-rich double-linker 
MIL-53 (Fe), confirmed the presence of sulfur and nitrogen, with S and N 
being the abundant atoms.

In the FTIR spectrum of the MIL-53(Fe), characteristic vibrational 
bands corresponding to its functional groups and structural components 
can be seen. As shown in Fig. 4a, the broad band centered at 3430 cm− 1 

has been assigned to stretching vibrations of the hydroxyl (-OH) groups, 
presumably deriving from either adsorbed water molecules within the 
MOF pores or to intermolecular hydrogen bonding within the frame
work [39]. The peaks at 1676 and 1538 cm− 1 correspond to the asym
metric and symmetric stretching vibrational modes of the carboxylate 
(-COO− ) groups, respectively, which also confirm the coordination of 
the organic linker, terephthalic acid, to the Fe centers within the MOF 
structure. In addition, another pair of aromatic and C–H vibrational 
modes are found at 1388 and 1018 as well as 820 cm− 1 due to C–O 
stretching vibrations, C–H bending of an aromatic ring and C–H out- 
of-plane bending due to the benzene of the linker methyl tere
phthalate. Also found are the metal‑oxygen (Fe–O) stretching vibra
tions at 750 and 528 cm-1, which establish the coordination of Fe 
clusters with the organic linker in the framework of the MOF [36]. 
Unlike this kind of feature in Fig. 4a, the FTIR spectrum for this thio-rich 

Fig. 2. Scanning electron microscopy (SEM) images of (a, b) MIL-53 (Fe) and (c, d) thio-rich double-linker MIL-53 (Fe).
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double-linker MIL-53 (Fe) exhibited a lot of significant vibrational shifts, 
which could be considered as solid proof for the inclusion of 2-mercapto- 
2-thiazoline in the framework of the MOF. A clear peak at 3436 cm− 1 

suggests O–H stretching, which may arise from hydroxyl groups or from 
physically adsorbed water molecules present inside the MIL-53(Fe) 

framework. The small downshift when compared to pristine MIL-53 
(Fe) at 3430 cm− 1 indicates some alteration in the hydrogen bonding, 
which probably is due to the incorporation of 2-mercapto-2-thiazoline, 
which in turn can provide some additional anchoring. The asymmetric 
(-COO− ) stretch at 1582 cm− 1 and the symmetric stretch at 1396 cm− 1 

Fig. 3. EDX spectrum and elemental mapping for thio-rich double-linker MIL-53 (Fe).
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are both downshifting from the values corresponding to the carboxylate 
(-COO− ) stretches at 1676 cm− 1 and 1388 cm− 1 of MIL-53(Fe). The 
shifts suggest that coordination of metals was altered due to the ter
ephthalic acid linker-2-mercapto-2-thiazoline interaction. Novel peaks 
were found to be appeared with characteristic frequencies; one peak 
around 558 cm− 1 due to Fe–N bending vibrations [40] and the other at 
622 cm− 1 due to Fe–S stretching [41]. In addition, C––S stretches at 
1294 cm− 1 supporting the presence of thiazoline ring and sulfur- 
containing functional groups [42]. In the same way, the greatest peaks 
studied at 748 cm− 1 are due to the C–H out-of-plane distortion of the 
benzene ring of terephthalic acid, an attribute whose intensity is slightly 
modified with variation in the π- π stacking interactions.

Results from the characterization of X-ray diffraction study infor
mation reveal the core attributes pertaining to pure and modified types 
of thio-rich double-linker MIL-53(Fe) samples along with their variable 
degrees of crystallinity and functionality. Significant peaks of MIL-53 
(Fe) samples can be seen at the following angles: 9.42, 14.17, 18.77, 
21.12, and 28.22 (2θ) as depicted in Fig. 4b. The peaks were charac
teristic of the diffraction pattern of MIL-53(Fe) which confirmed that it 
has been synthesized in an efficient fashion in well-crystallized form 
[43]. However, in thio-rich double-linker MIL-53(Fe), there was much 
lowering of the intensity of these characteristic peaks implying that 
structural alteration, partial amorphization, or the formation of a new 
phase possibly occurs. The core of MIL-53(Fe) which has been func
tionalized with 2-mercapto-2-thiazoline would appear to possess 
slightly less crystallinity. This modification reduces the sharpness of 
peaks, thereby diminishing long-range order and giving rise to the 
observed loss in crystallinity [44]. The wide background in the 

diffraction pattern indicates either an amorphous phase or a low degree 
of crystallinity; the small remaining peaks indicate that some amount of 
crystallinity still exists, notwithstanding the apparent changes in struc
ture. The increased intensity of the baseline points to the likely occur
rence of disorder, defects, or some surface modification resulting from 
interactions between the iron clusters and the sulfur functional groups of 
2-mercapto-2-thiazoline. The most striking peak in the double linker 
MIL-53(Fe) appears quite near to the angle 2θ = 9.5◦ as expected, seen 
from Fig. 4b and the other observable peaks at 12◦, 18◦, and 25◦. 
Compared to MIL-53(Fe), some sharp peaks appear to have either dis
appeared or broadened, thus further confirming the changes in the 
framework. These changes in intensity of peaks, disappearance, or 
broadening indicate variations in the framework, which might be due to 
doping, induced distortions or even functionalization. Baseline intensity 
can also be taken as an indication of defects, increased porosity, or 
formation of amorphous phase contribution.

The TGA curve for both MIL-53(Fe) and thio-rich double-linker MIL- 
53(Fe), as depicted in Fig. 4c, represents thermal decomposition 
behavior with rising temperature. Both materials have a slight weight 
loss in the initial temperature range of approximately 50 to 200 ◦C, due 
to the evaporation of physically adsorbed water and residual solvents 
trapped in the pores. Thereafter, a significant weight loss of pristine MIL- 
53(Fe) occurs in the range of 300–450 ◦C owing to the degradation of its 
organic linker and deterioration of its structure [45]. Fig. 4c exhibits 
primary decomposition occurring between 360 and 450 ◦C. About 25 % 
of the mass remains, resulting from iron oxide residue formation. In MIL- 
53 (Fe), on the contrary, 2-mercapto-2-thiazoline was combined with 
terephthalic acid as a second ligand and its thermal stability was 

Fig. 4. (a) FTIR spectr, (b) XRD patterns, (c) TGA, (d) N2 adsorption-desorption isotherms of MIL-53(Fe) and thio-rich double-linker MIL-53(Fe).
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determined by thermogravimetric analysis (TGA) as shown in Fig. 4c. 
The TGA curve exhibits a two-step weight loss pattern. The first stage, 
occurring from ambient temperature up to about 370 ◦C, involved the 
loss of residual DMF and water, as well as the degradation of the low- 
temperature 2-mercapto-2-thiazoline ligand. This sulfur and nitrogen- 
containing heterocyclic linker undergoes early degradation due to the 
cleavage-prone nature of its C–S or N–S bond, smaller molecular size, 
and weaker coordination to Fe (III). This initial event constituted about 
40 % of the entire weight loss. The second range ranging from 370 ◦C up 
to 420 ◦C indicates the decomposition of a more thermostable linker, 
terephthalic acid, contributing to an additional 13 % weight loss. The 
other 45 % mass loss after 440 ◦C is likely due to the formation of iron 
oxide. The two-step nature of the weight loss indicates different thermal 
behavior for the two ligands included and affirms their successful 
incorporation into the MIL-53(Fe).

The Braunauer – Emmet - Teller method finds a widespread use in 
determining the surface area of different metal-organic frameworks 
(MOFs), which, by the way, are characterized by their high porosity. 
However, some complications arise when applying the BET theory to the 
MOFs because of their complex pore structures and variable surface 
chemistry [46]. All the samples were heat treated under vacuum at 
300 ◦C for 3 h to remove any residual molecules that might have been 
trapped in the pores before analysis. In order to obtain pore volume, 
surface properties, and pore structure for both MOFs, nitrogen 
adsorption-desorption isotherms were recorded at 77 K. The adsorption 

isotherm of MIL-53(Fe) is of type IV with an H3-type hysteresis loop 
according to Fig. 4d indicating a microporosity. The surface area and the 
total pore volume obtained from BET studies of the sorbent were 13.614 
and 0.103 cm3/g, respectively. In addition, the average pore size was 
calculated to be 30.263 nm. This suggests a moderate amount of mes
oporosity in the synthesized MIL-53(Fe) [47]. On the contrary, the thio- 
rich double-linker MIL-53(Fe) exhibited considerably superior textural 
characteristics. The double-linker MIL-53(Fe) N₂ adsorption–desorption 
isotherm, as shown in Fig. 4d, suggests capillary condensation in mes
opores due to the sharp increase at elevated relative pressures. BET 
studies indicated that the total surface area is 18.37 m2/g and the total 
pore volume is 0.134 cm3/g. The mean pore size was also calculated to 
be 29.168 nm. Vast BET quantitative findings with a fine detail were 
shown in Table S1. Very importantly, increased total surface area along 
with increased total pore volume in the thio-rich double- linkers MIL-53 
(Fe), since these factors provide space for the adsorption of not just 
diffusion but also heavy metal cations, and thus develops a greater pool 
of possibilities among interaction with the functional groups of the thio- 
rich linker-bonded MIL-53(Fe). The features of their structure greatly 
enhance the capacity of the adsorbent toward metals such as Pb (II) and 
Cd (II) from water samples.

Fig. 5. Optimization of four key parameters affecting the extraction procedure. (a) pH, (b) acid concentration of desorption solution, (c) desorption solvent volume, 
(d) sample volume.
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3.2. Optimization of the extraction method

3.2.1. Sample pH
The adsorptions of metal ions are highly pH-dependent; thus it is one 

of the most important factors controlling the adsorption reactions. 
Actually, pH changes can alter the structural composition and surface 
charge of the sorbent and, consequently, affect the chemical property 
and speciation of the adsorbate [48]. The effect of pH on the adsorption 
capacity of thio-rich double-linker MIL-53(Fe) sorbent has been studied 
in a pH range of 3.0–10.0 in an attempt to find an optimum pH for 
extracting Cd (II) and Pb (II) from natural water. As shown in Fig. 5a, the 
adsorption efficiency of Pb (II) increases exponentially from pH 3.0 to 
pH 7.5, after which it flattens out and reaches a plateau in the pH range 
of 7.5–10.0. The thio-rich double-linkers MIL-53 (Fe) surfaces exist as 
more preferable for Pb (II) coordination under nearly neutral to mildly 
alkaline conditions beyond possibly improved metal-ligands contacts 
and deprotonation of their functional groups. However, cadmium con
tinues to be preferentially taken up to a steadily increasing maximum, as 
set at pH 8.5. At low pH, the binding of metals is suppressed by 
competing against the H+ ions at the interface, while at higher pH levels, 
selective interaction with the MOF limits possibilities for precipitation of 
metal hydroxides. On the basis of these observations, a pH range of 7.5 
and 8.5 was used for monitoring extraction of Pb (II) and Cd (II) from 
different environmental water samples.

3.2.2. Acid concentration of desorption solution
A variety of concentrations of nitric acid, from 0.05 to 0.5 mol L− 1, 

were assessed in order to study the effect of acid concentration as 
desorption solvent for the heavy metals under investigation. With 
increasing acid concentration in the case of the thio-rich double-linker 
MIL-53(Fe), improved metal adsorption was observed as illustrated in 
Fig. 5b. Increasing the acid concentration from 0.05 to 0.3 mol L− 1 

increased the desorption efficiency for Pb (II) and Cd (II), which con
stitutes the optimal desorption conditions. Extraction of metals at 0.5 
mol L− 1 was decreased due to interference of excess acid, which would 
likely affect adsorption. It can be concluded that the optimal dilution for 
desorbing Cd (II) and Pb (II) remains nitric acid at 0.3 mol L− 1. Higher 
acid concentration may influence surface properties of the adsorbent 
and reduce adsorption efficiency and stability [49].

3.2.3. Desorption solvent Volume
In desorption with thio-rich double-linker MIL-53 (Fe) as sorbent in 

PT-μSPE method, volume of desorption solvent played a major role in 
signal intensity and determining recovery efficiency of Pb (II) and Cd 
(II). Different volumes (from 1.5 to 3.5 mL) of 0.3 mol L− 1 nitric acid 
were tried to study the influence. In Fig. 5c, it is noted that as the volume 
of desorption solvent was raised from 1.5 to 2.5 mL, there was an in
crease in the Pb (II) signal; however, with regard to Cd, desorption 
improved at around 2.0 mL. After 3.0 mL, however, both metals have 
very slight declines in signal intensity. The optimum desorption volume 
for Pb (II) is thus concluded to be 2.5 mL, while only 2.0 mL is found 
sufficient for Cd (II). The lack of use of chelating agents or any other 
reagents for metal extraction and desorption in this study, where only 
aqueous nitric acid solution is used for desorption, is in accordance with 
the principles of green chemistry.

3.2.4. Sample volume
A major parameter affecting the preconcentration factor in an 

extraction technique is sample volume [50]. To determine the optimal 
volume for adsorption of Pb(II) and Cd(II) using novel thio-rich double 
linkage MIL-53(Fe) as a sorbent in PT-μSPE, different sample volumes 
were tested as shown in Fig. 5d. Results showed an increase in sample 
volume from 30.0 to 80.0 mL greatly enhanced metal adsorption indi
cating improved extraction efficiency. Above 60.0 mL, adsorption pla
teaued suggesting that equilibrium had been reached, hence a further 
increase in sample volume did not enhance the adsorption signal. Thus, 

the sample volume of 60.0 mL was deduced to be the optimal volume for 
high extraction efficiency, minimum reagent consumption, and short 
time for analysis. Compared to conventional extraction techniques, this 
one offers a more favorable large sample volume in much less time, 
thereby increasing overall sensitivity.

3.2.5. Point of zero charge pH (pHpzc)
The pH value at which the total concentration of anions equals that 

of cations in a particular material is called the point of zero charge 
(pHpzc) [51]. The pHpzc of synthesized material is approximately 
calculated to be 5.5 as indicated in Fig. 6a. Above this pHpzc, the thio- 
rich double-linker MIL-53(Fe) surface becomes negatively charged, 
which could lead to the electrostatic attraction of the cationic species 
like Pb (II) and Cd (II) [52]. At pH values below 5.5, the surface will 
possess a positive charge, thereby favoring the electrostatic repulsion of 
the Pb (II) and Cd (II). The incorporation of thiol groups (–SH) into the 
(MOF) framework plays a significant role in increasing the selectivity of 
the sorbent for soft acid metal ions such as Pb (II) and Cd (II) via specific 
chemical interactions. The current study has involved calculating pHpzc 
of the synthesized thio-rich double-linker MIL-53(Fe) by using the im
mersion technique, meanwhile altering the pH for each of seven 0.1 mol 
L-l sodium nitrate solutions. The alterations in pH were (3.0, 4.0, 5.0, 
6.0, 7.5, 8.5, and 10.0) for every solution taken in 7.0 mL volumes. Each 
came with a total of 30.0 mg of this new double-liganded MIL-53(Fe) 
and the resulting suspension was shaken for a day. After equilibration, 
every final pH was registered, and differences between initial and final 
pH were determined. The pHpzc of the thio-rich double-linker MIL-53 
(Fe) was determined using the point of intersection along the horizon
tal axis from the plotted data. It was taken to be the pH extraction 
optimized for the sorbent under study ranging between 6 and 10.

3.2.6. Comparison of MIL-53(Fe) and thio-rich double-linker MIL-53(Fe)
To examine the influence of the thio-functionality and the double- 

linker strategy on extraction efficiency of MIL-53(Fe) for target heavy 
metals of concern, two sorbents, i.e. pure MIL-53(Fe) and thio-rich 
double-linker MIL-53(Fe), were prepared and packed into the pipette 
tip and used for extraction of Pb (II) and Cd (II) from the water sample 
under identical conditions. The thio-rich double-linker MIL-53(Fe) 
showed dramatically enhanced extraction efficiency for both Cd (II) 
and Pb (II) compared to pristine MIL-53(Fe), as shown in Fig. 6b. This 
improvement is assumed to be due to the presence of functional groups 
containing donor atoms of sulfur and nitrogen capable of strongly 
coordinating heavy metal ions like Pb (II) and Cd (II). Besides, the ex
istence of a second linker will change the pore environment and increase 
the surface reactivity, which will enhance adsorption performance even 
more. Therefore, thio-rich double-linker MIL-53(Fe) was found to be 
more efficient in extraction and provided lower detection limits as 
compared to the traditional single-linker MIL-53(Fe).

3.2.7. Adsorption isotherms
Figs. 7a and b indicate the adsorption isotherms of lead and cadmium 

onto the thio-rich double-linker MIL-53(Fe) and the initial MIL-53(Fe) 
for target metals concentrations varying from 0.1 to 50 mg L− 1 for 2 
h. The adsorption isotherms of both thio-rich double-linker MIL-53(Fe) 
and MIL-53(Fe) agree with each other regarding the trend. The 
adsorption capacity of Pb (II) and Cd (II) increased up to the equilibrium 
concentrations of Pb (II) and Cd (II) and, thereafter, decreased with an 
increase in equilibrium concentrations of Pb (II) and Cd (II). Higher 
adsorption capacity of Pb (II) and Cd (II) was, however, recorded for 
thio-rich double-linker MIL-53(Fe) compared to MIL-53(Fe), which truly 
highlights the significant role of the bonded sulfur groups in the 
adsorption of Pb (II) and Cd (II). The adsorption isotherm data were 
analyzed using the Langmuir model [37]. 

Ce

Qe
=

1
Qm KL

+
Ce

Qm 
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Ce (mg L− 1) being the equilibrium concentration of metals, Qe (mg 
g− 1) being the amount of metals adsorbed during the equilibrium, Qm 
(mg g− 1) being the maximum sorption of Pb (II) and Cd (II), and KL 
(Lmg− 1) being the Langmuir constant. The linear plot of (Ce/Qe) versus 
Ce are given in Fig. 7c and d. The slope and x-intercept can be used to 
calculate the values of Qm and KL (Table 2). The data fits well with 
Langmuir isotherm due to the R2 ≥ 0.99, while the Freundlich isotherm 
fits poorly (Fig. 7a and f) [53], which supports the conclusion that the 

adsorption of Pb (II) and Cd (II) onto the thio-rich double-linker MIL-53 
(Fe) is essentially a monolayer adsorption (Table 2). Maximum 
adsorption capacities calculated for thio-rich double-linker MIL-53(Fe) 
are 50 mg g− 1 for Pb (II) and 38.8 mg g− 1 for Cd (II), which are 
greater than those of MIL-53(Fe), suggesting that the sulfur groups of 
thio-rich double-linker MIL-53(Fe) enhance the adsorption capacity for 
Pb (II) and Cd (II). The capacity of coordination differs with the thio-rich 
double-linker MIL-53(Fe) adsorption sites for M (II), which can again be 
explained by soft acid-base theory and hard acid-base theory. The 
concept of hard and soft acids and bases holds that a soft acid forms a 
stable complex with a soft base. While Pb (II) is defined as a borderline 
acid, Cd (II) is classed under soft acids. Similarly, -SH is categorized 
under soft bases while -COOH and -NH are considered hard bases. 
Therefore, Cd (II) tends to adsorb at the active -SH sites, whereas Pb (II) 
is more likely to adsorb at the -NH and -COOH sites [25]. This trend, 
whereby the adsorption capacity of thio-rich double-linker MIL-53(Fe) 
for Cd (II) is greater than for Pb (II), is partly due to the presence of 
thiol and -NH groups in addition to -COOH in thio-rich double-linker 
MIL-53(Fe). On the contrary, MIL-53(Fe) contains only -COOH (Fig. 7a 

Fig. 6. (a) Point of zero charge for thio-rich double-linker MIL-53 (Fe). (b) Comparison between pure MIL-53(Fe) and thio-rich double-linker MIL-53(Fe) as sorbents 
in PT-μSPE.

Fig. 7. Isothermal adsorption curves of thio-rich double-linker MIL-53 (Fe) for Pb(II) (a) and for Cd(II) (b), Langmuir isotherms adsorption model curves for Pb(II) (c) 
and for Cd(II) (d), and Freundlich isotherms adsorption model curves for Pb(II) (e) and for Cd(II) (f).

Table 2 
. Langmuir and Freundlich adsorption isotherms fitting parameters of Pb (II) and 
Cd(II) on thio-rich double-linker MIL-53 (Fe).

Analytes Langmuir Freundlich

Qm KL R2 KF 1/n R2

(mg g− 1) (L mg− 1) (mg g− 1)

Pb 50 0.292 0.9901 8.93 0.5242 0.9759
Cd 38.8 0.938 0.9977 12.8 0.5605 0.9150

Q.G. Omo and S. Moinfar                                                                                                                                                                                                                    Microchemical Journal 220 (2026) 116339 

9 



and b).

3.2.8. Figures of merit
The analytical performance of μ-SPE method was validated to 

determine Pb (II) and Cd (II) content in water samples using thio-rich 
double-linker MIL-53(Fe) as the sorbent. Summary of significant 
analytical figures of merit under ideal conditions, as presented in 
Table 3. Under the concentration ranges of 0.2–55.0 μg L− 1 for Pb (II) 
and 0.04–20.0 μg L− 1 for Cd (II), good linearities were exhibited by the 
method. Based on the 3S/N (signal/noise) the limits of detection (LOD) 
were found to be 0.01 μg L− 1 for Cd (II) and 0.05 μg L− 1 for Pb (II). 
Limitations of quantifications (LOQ) were calculated to be 0.04 μg L− 1 

for Cd (II) and 0.2 μgL− 1 for Pb (II) based on 10 S/N standard. Good 
precision was obtained with intra-day relative standard deviations (RSD 
%, n = 5) in the concentration ranges of 5.0–5.9 % for Pb (II) and 
3.7–4.0 % for Cd (II) and inter-day (n = 3) was 4.8–6.3 %. Within the 
examined ranges, the linearity of the method is confirmed by correlation 
coefficients (r2) of 0.993 for Cd (II) and 0.992 for Pb (II) which affirms its 
reliability. Good enrichment factor (EF) in the range 20–26 was 
achieved.

3.2.9. Analysis of real sample
The performance evaluation of the newly synthesized thio-rich 

double-linker MIL-53(Fe)-based PT-μSPE method was done through 
analyzing the concentrations of Pb (II) and Cd (II) from various real 
environmental water sources collected from lakes, rivers, underground, 
and wastewaters in Duhok city. GFAAS was used to measure the levels of 
these metals in the samples collected, and the results are given in 
Table 4. Both metals were recorded at detectable levels in unspiked 
samples, ranging from 4.5 to 13.1 μg L− 1 Pb (II) and 0.9 to 4.6 μg L− 1 Cd 
(II), confirming the contamination of these metals in the local aqueous 
environment. To investigate the recoveries and validity of this method, 
the following spiking concentrations of Pb (II) (5.0 and 20.0 μg L− 1) and 
Cd (II) (1.0 and 5.0 μg L− 1), respectively, were carried out. The above 
method was also applied for the determination of Cd (II) and Pb (II) in 
Standard Reference Material for natural water (SRM 1640a, National 
Institute of Standards and Technology; USA). The relative recovery of 
spiked samples ranged from 90.0 % to 112.0 % for cadmium and from 
88.0 % to 110.0 % for lead. Recovery for the validated reference ma
terial was 105 % for cadmium and 95 % for lead. This is justifiable under 
the following definition of acceptability: the relative recovery rate of 
spiked samples lies between 80.0 % and 120.0 % [54,55]. Indeed, all 
recoveries were within the allowable limit for trace-level analysis, 
confirming the applicability of the method to complex environmental 
matrices. The Pb (II) and Cd (II) concentrations in effluents from an 
unspiked water sample and in standard reference material (SRM 1640a) 
were determined using ICP-MS and the proposed method, respectively, 
as shown in Table 4. The results were statistically analyzed using the 
paired student t-tests, and none of the differences were statistically 
significant (P > 0.05). This means that there was an acceptance or 
concurrence among the two methods’ results, which attests to the ac
curacy and reliability of the results obtained by this method in the 
present study. In addition, the relative percentage errors calculated were 
from 3.4 to 7.1 %, values that are acceptable for method validation 
[56,57].

3.2.10. Interferents
The water environments contain a plethora of mineral ions, which 

may adsorb onto the sulfur present in the MOF structure and, hence, be 
extracted simultaneously along with the targeted ions within the desired 
pH range [58] The effect of common, coexisting ions on the recovery of 
Cd (II) and Pb (II) from real water samples was investigated. For this 
purpose, 60 mL each of Cd (II) and Pb (II) standard solutions (1.0 and 
5.0 μg L− 1) were spiked with different quantities of interfering ions, 
which were studied individually for each ion according to the recom
mended methods. A change in recovery of more than ±5 % was set as 
the interference criterion for that specific ion. Results are summarized in 
Table S2.

3.2.11. Reusability
The stability of the synthesized MOF was tested for 100 cycles of 

extraction under optimized conditions. PT - μSPE applied with cadmium 
and lead concentrations of 25.0 μgL− 1 was used to evaluate the extrac
tion performance of the reused sorbent after these cycles. As seen in 
Fig. S1, there was no significant change in extractability for cadmium 
and lead using the thio-rich, double linker MIL-53(Fe) up to 60 cycles, 
with a decreasing trend thereafter (i.e., based on GF-AAS adsorption of 
cadmium and lead). Thus, this confirms that the synthesized adsorbent 
has good stability under the optimized experimental conditions.

3.2.12. Comparison of thio-rich MOF-PT-μSPE and other related methods
The effectiveness of PT-μSPE method for determination of Pb (II) and 

Cd (II) levels in environmental water samples was assessed using a 
newly synthesized thio-rich double linker MIL-53(Fe) as the sorbent. As 
can be seen in Table S3, this method’s analytical performance, including 
LOD, LOQ, linear range, r2, and RSD%, is as good as or even better than 
that of many previously reported extraction procedures. The method has 
good reproducibility with RSDs of 5.9 % for lead and 4.0 % for cadmium. 
The double-linker MIL-53(Fe) MOF used for such purpose shows high 
capability for the pre-concentration of Pb (II) and Cd (II) ions in envi
ronmental water matrices using it as a sorbent. This sorbent has major 
advantages compared to conventional ones because of functionalization 
with terephthalic acid and 2-mercapto-2-thiazoline further gives nitro
gen and sulfur donor atoms that tightly bind heavy metal ions. In 
addition, thiol groups increase selectivity and binding capacity; their 
porous structure and high surface area allow mass transfer and 
adsorption efficiency. While such substitutes are contributing to sensi
tive detection, thio-rich double linker MIL-53(Fe) showed better per
formance than MIL-53(Fe) sorbents under sensitivity and even low 
detection limits comparable to those above many reported methods.

4. Conclusion

Before real samples can be analyzed for heavy metals at trace con
centrations, extraction and preconcentration must be performed effi
ciently; in the μSPE method, this lies in the hands of chemical properties 
and adsorption capacity of the adsorbent. Among new adsorbents, it is 
stipulated that MOF could be effective by changing functional groups 
and structure. In this study, for the first time, 2-mercapto-2-thiazoline 
was introduced as the second linker into the MIL-53(Fe) structure, 
increasing adsorption capacity for Pb (II) and Cd (II) because of the 
presence of two sulfurs and one -NH. This also enhanced extraction 

Table 3 
Analytical figure of merit of PT- μSPE method for determination of Pb (II) and Cd (II) in water samples.

Sample Metals LOD 
(μg L − 1)

LOQ 
(μg L − 1)

L.R 
(μg L − 1)

r2 Intra-day 
RSD% (n = 5)

Inter-day 
RSD%(n = 3)

EF

Tap water Pb 0.05 0.2 0.2–55 0.992 5.0 μg L − 1 20.0 μg L − 1 20.0 μg L − 1 ​
5.9 5.0 6.3 26

Cd 0.01 0.04 0.04–20 0.993 1.0 μg L − 1 5.0 μg L − 1 5.0 μg L − 1 ​
4.0 3.7 4.8 20
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efficiencies for Pb (II) and Cd (II), by solvent desorption, due to the 
change in the structure and increase in pore volume of the thio-rich 
double-linker MIL-53(Fe) adsorbent. The thio-rich dual-linker MIL-53 
(Fe) was packed inside the pipette tip as adsorbent material for extrac
tion and determination of Pb and Cd. The reusability of thio-rich dual- 
linker MIL-53(Fe) allows it to be used more than 60 cycles for the PT- 
μSPE technique because of its better chemical stability and easier 
desorption of target metals. Because only acid aqueous solution was 
used for adsorption and desorption, it fulfills the green chemistry tar
gets. Such encouraging results point toward the possibility of the use of 
this ligand in future research in other MOFs for the subsequent 
adsorption and desorption of metals and other pollutants.
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Table 4 
Determination of Pb (II) and Cd (II) in real samples and relative recoveries of spiked samples.

Samples Pb Cd

Added 
(μg L− 1)

Found 
(μg L− 1) 
(mean ±
SD, n = 3)a

t- 
testb

RR% ICP-MS 
Validation

Relative 
Error%

Added 
(μg L− 1)

Found 
(μg L− 1) 
(mean ±
SD, n = 3)a

t- 
testb

RR% ICP-MS 
Validation

Relative 
Error%

Lake 
water

0 5.6 ± 0.1 – – 5.3 5.7 0 1.1 ± 0.04 – – 1.04 6.0

​ 5.0 11.1 ± 0.5 1.7 110.0 – – 1.0 2.2 ± 0.07 2.5 110.0 – –
​ 20.0 23.2 ± 1.4 2.9 88.0 – – 5.0 6.0 ± 0.18 0.9 98.0 – –
River 

water
0 9.5 ± 0.4 – – 9.0 5.5 0 0.9 ± 0.03 – – 0.85 5.8

​ 5.0 14.5 ± 0.7 0 100.0 – – 1.0 1.9 ± 0.07 0 100.0 – –
​ 20.0 27.8 ± 1.2 2.4 91.5 – – 5.0 5.9 ± 0.19 0 100.0 – –
Waste 

water
0 4.5 ± 0.2 – – 4.2 7.1 0 4.6 ± 0.18 – – 4.2 4.7

​ 5.0 9.3 ± 0.4 0.9 96.0 – – 1.0 5.5 ± 0.19 0.9 90.0 – –
​ 20.0 25.6 ± 1.4 1.3 105.5 – – 5.0 10.0 ± 0.33 2.1 108.0 – –
Well 

water
0 13.1 ± 0.7 – – 12.6 3.9 0 3.0 ± 0.12 – – 2.9 3.4

​ 5.0 18.2 ± 1 0.2 102.0 – – 1.0 4.1 ± 0.14 1.2 110.0 – –
​ 20.0 32.2 ± 1.7 0.9 95.5 – – 5.0 8.6 ± 0.35 2.9 112.0 – –
SRM 

1640a
Certificate 
value 12.1 11.5 ± 0.6 1.7 95.0 - 4.9

Certificate 
value 3.99 4.2 ± 0.15 2.4 105.0 - 5.2

%RE (Percent relative error) = 100 × (|measured value − actual value|)/ actual value. Measured value: Cd (II) concentration obtained by applying the developed 
methodology. Actual value: Cd (II) and Pb (II) concentration found by ICP-MS.

a mean ± standard deviation based on three replicates.
b Tabulated t-value for 2 degrees of freedom at 95 % confidence level is 2.9.
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