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Abstract

Metal-organic frameworks (MOFs) are a new class of hybrid inorganic—organic microporous crystalline materials, which
possess unique properties such as high surface area, tunable pore size, and good thermal stability. These unique charac-
teristics make MOFs interesting targets for sample pretreatment. In this work, MIL-53 material based on aluminum and
containing amine functional groups (NH,-MIL-53(Al)) was synthesized and applied as an efficient sorbent for development
of vortex-assisted dispersive micro-solid phase extraction for eight United States Environmental Protection Agency’s pri-
ority phenols from aqueous samples prior to analysis by high-performance liquid chromatography with photodiode-array
detection. A simple extraction process was designed. The parameters affecting the extraction efficiency, such as amount of
sorbent, extraction time, type of desorption solvent and its volume were investigated. The good linearity in the concentra-
tion range of 0.0015-10.0000 pg mL~! with the coefficients of determination of greater than 0.9929, low limits of detection
(0.0004-0.0133 pg mL™") and relative standard deviations of lower than 10% were obtained. The proposed method has
been successfully applied to the determination of phenol compounds in different water sample matrices including treated
water, waste water, river water, sea water, lake water, drinking water and tap water. In addition, computational simulation
was performed to predict the adsorption ability of NH,-MIL-53(Al) towards the studied phenolic compounds. The compu-
tational results were in agreement with the experimental studies and it has been proved that NH,-MIL-53(Al) is promising
for enrichment of phenolic pollutants.

Keywords Metal—organic frameworks - Vortex-assisted dispersive micro-solid phase extraction - Phenols - HPLC -
Molecular docking

Introduction

Industrial processes and human activities generate various
kinds of pollutant in the environment that can cause serious
damage to ecosystems and human health. Phenol and its
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derivatives are one of the most toxic water pollutants, which
come out from various industries such as the production
of paper, detergents, polymers, pharmaceuticals, adhesives,
explosives, phenolic resins, and petrochemical products.
Owing to their high toxicities even at low concentrations
and prevalent presence in environment, the United States
Environmental Protection Agency (US EPA) and the Euro-
pean Union (EU) have classified them as priority pollutants
in aquatic environment [1, 2]. Consequently, sensitive and
reliable analytical methods for monitoring these compound
residues are usually required.

To date, diverse separation techniques have been widely
used for determination of phenol compounds [3-12].
High-performance liquid chromatography (HPLC) and
gas chromatography (GC) with different detection modes
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are the most intensively used for phenols determination.
The polar features and low volatility of phenol compounds
have favored the use of HPLC, because it avoids the need
of derivatization processes. However, direct determination
of phenols in environmental samples is usually difficult
because of their low concentrations (sub pg L™"). Hence,
suitable sample preparation methods are still required for
isolation of trace amounts of the target substances from
complex matrices, clean-up and preconcentration prior to
instrumental analysis. For these purposes, several sam-
ple preparation procedures, based on both liquid-liquid
extraction (LLE) [4, 6, 7, 12] and solid-phase extraction
(SPE) [2, 3, 5, 8—11], have been used incorporating with
instrumental techniques for determination of phenol resi-
dues. Among these sample pretreatment approaches, SPE
has become a widely used technique due to its simplicity
and flexibility of the approach.

Dispersive solid-phase extraction (DSPE), which was
firstly introduced by Anastassiades et al. [13], has been
proposed as a valuable alternative SPE technology. The
method exhibits some advantages over conventional
SPE such as without sophisticated equipment, less sol-
vent waste, short time requirement, increase surface area
between the analytes and sorbent and avoiding channeling
or blocking of cartridges or disks, as occurs in traditional
SPE. Generally, DSPE is based on four main steps: dis-
persion of the sorbent in a sample solution containing
target analytes, extraction by sorption, separation of the
sorbent with retained analytes from the solution, and sol-
vent elution of the analytes [2]. Recently, the analytical
chemists have turned to DSPE-based miniaturized tech-
nique, micro-DSPE, which is acquiring a lot of attention
nowadays from an environment-friendly point of view,
due to the impressive decrease in the amounts of sorb-
ents required (by definition: lower than 500 mg of sorb-
ent) [14]. Hence, dispersive micro-solid phase extraction
(D-p-SPE), a miniaturized mode of DSPE based on using
milligram amounts of solid sorbent has been introduced
[14, 15].

Solid sorbent are important for the SPE-based technique
because it contains the active sites to allow the interaction
between sorbent and analytes. Generally, the main require-
ments for properties of solid sorbent include the fast and
quantitative adsorption and desorption, a high capacity and
high dispersibility in liquid samples. Many different kinds
of materials are potential candidates for extraction and pre-
concentration of various analytes, such as layered double
hydroxides (LDHs) [2], molecularly imprinted polymers
(MIPs) [3, 5], polymeric sorbent [8], and zeolite NaY [15].
However, most sorbents are intended for specific substances.
Therefore, it is conductive to find a kind of high selective
and effective adsorbent for the D-p-SPE of the analytes of
interest.
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Metal-organic frameworks (MOFs) are a new class of
hybrid inorganic—organic microporous crystalline materi-
als constructed from metal ions and organic linkers through
coordination bonds and have been popular materials since the
beginning of this century [16]. They have received increasing
interests due to their unique structures and fascinating chemi-
cal properties, including large surface areas, large internal pore
volumes, tunable pore sizes, tailorable molecular structures,
and catalysis activity. These properties make MOFs promising
in diverse applications, such as gas storage [17, 18], separation
[19-21], catalysis [21, 22], chemical sensing [23], adsorption
[24, 25] and sequestration of toxic metals from water [26, 27].
A large number of reports have shown that the MOFs possess
great potential in sorption-related fields. The applications of
MOFs for D-p-SPE procedure has also been reviewed [28].

In this work, amine-functionalized frameworks based on
well-known MIL family topology, since these are thermally
and chemically stable compared to other MOFs [21, 29],
is expected to show promising potential for extraction of
phenol compounds via hydrogen bonding and n—r interac-
tion. Most of amine-functionalized MOFs studies focused
on the CO, adsorption and separation properties [20, 21,
30]. Previously, NH,-MIL-101(Al) has been reported for
adsorption and separation of phenol and p-nitrophenol from
aqueous solutions through hydrogen bonding [24]. Luo et al.
reported the synthesis of NH,-MIL-53(Al)-incorporated
poly(styrene-divinylbenzene-methacrylic acid) monolith
column and its application for in-tube solid-phase micro-
extraction of estrogens in human urine [31]. The prepared
monolith column showed well properties after more than
100 extraction cycles. However, fabrication of such a mono-
lith column is rather complicated.

Here, we report the synthesis and application of amine-
functionalized MOF sorbent for extraction and preconcentra-
tion of phenol residues in different water sample matrices for
the first time. Development and optimization of a simple and
effective vortex-assisted dispersive micro-solid phase extrac-
tion (VA-D-p-SPE) procedure is also proposed. In addition,
molecular modeling was used to predict the adsorption abil-
ity of the synthesized sorbent towards phenolic compounds.
The free binding energies were calculated and the molecular
interactions were demonstrated using molecular docking.
This work presented the combined study of computational
modeling and experimental application in sample prepara-
tion technology.

Experimental
Chemicals and Reagents

Eight analytical phenol standards with a purity
of > 99% were used. 2,4-Dinitrophenol (2,4-DNP),
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4-chloro-3-methylphenol (4-C-3-MP), 2-methyl-4,6-dini-
trophenol (2-M-4,6-DNP), and 2,4,6-trichlorophenol (2,4,6-
TCP) were supplied by Sigma-Aldrich (Germany). Phenol
(Ph) was obtained from Sigma-Aldrich (USA). 4-Nitrophe-
nol (4-NP) and 2,4-dichlorophenol (2,4-DCP) were pur-
chased from Sigma-Aldrich (India). 2-Nitrophenol (2-NP)
was supplied by Fluka (China). Stock standard solutions of
phenols at concentration of 1000 pg mL~" were prepared
using methanol as the solvent and diluted to 100 pg mL™!
with water. Working solutions were prepared daily from
100 pg mL~! of stock standard solutions by dilution with
water. Deionized water (18.2 MQ cm) used in all experi-
ments was prepared by a RiOs Type I Simplicity 185 water
purification system (Millipore, USA).

2-Aminoterephthalic acid (HO,C-C¢H;NH,-CO,H)
(99%, Sigma-Aldrich, USA), aluminum chloride hexahy-
drate (AlCl;#6H,0) (99%, Sigma-Aldrich, Germany) and
N,N-dimethylformamide (> 99%, Merck, Germany) were
used for synthesis of amine-functionalized MOF sorbent.
Acetonitrile (isocratic grade, Merck, China), methanol (gra-
dient grade, Merck, Germany), ethanol (AR grade, Merck,
Germany), acetone (AR grade, Qréc, New Zealand) and gla-
cial acetic acid (AR grade, Carlo Erba, Italy) were used for
HPLC separation and VA-D-u-SPE procedure.

Apparatus and Chromatographic Conditions

The HPLC system (Waters, USA) consisted of an in-line
degasser, a 600E quaternary pump, and a Waters 2996
photodiode array (PDA) detector. Empower software was
employed to acquire and analyze chromatographic data. The
system was equipped with a Rheodyne injector with a 10-pL
loop, and a Phenomenex Luna C,5 (4.6 mm X 150 mm,
5 pm) (Phenomenex, USA) analytical column. The sepa-
ration was performed using acetonitrile (solvent A) and
0.1% acetic acid in water (solvent B) as mobile phase.
The gradient program was as follows: 0-3 min, 40% sol-
vent A; 4-8 min, 50% solvent A; 9—12 min, 70% solvent
A; 13-17 min, 100% solvent A. A re-equilibration period
of 2 min with 40% solvent A was carried out between indi-
vidual runs. The detections were performed at 271 nm for
Ph; at 317 nm for 4-NP; at 258 nm for 2,4-DNP; at 276 nm
for 2-NP; 281 nm for 4-C-3-MP; at 286 nm for 2,4-DCP;
at 266 nm for 2-M-4,6-DNP; and at 288 nm for 2,4,6-TCP.
The X-ray diffraction (XRD) patterns were recorded with
an Empyrean X-ray diffractometer (XRD) (PANalytical, The
Netherlands) using Cu K, radiation (4 = 1.5418 10\) over
the angular range from 5° to 50°. Fourier transform infra-
red (FTIR) spectra were recorded on a TENSOR?27 infrared
scanner (Bruker, Germany) with a resolution of 2 cm~! and
a spectral range of 4000-550 cm™~!. The weight loss curves
(TG-DTG) were recorded using a simultaneous thermal

analyzer (STA) model STA7200 (Hitachi, Japan) from 100
to 600 °C at a heating rate of 10 °C min~' under nitrogen.

Other instruments were used in the procedure, includ-
ing a vortex mixer model G560E (50 Hz) (Scientific Indus-
tries, USA), a rotavapor model R-200 (Buchi Labortech-
nik AG, Switzerland), a centrifuge model Z206A (Hermle
Labortechnik, Germany) and an oven model UN110 (Mem-
mert, Germany).

Synthesis of Sorbent

The amine-functionalized MOF sorbent was synthesized by
means of a solvothermal treatment adapted from the pub-
lished procedures [21]. Aluminum chloride hexahydrate
(0.51 g) and 2-aminoterephthalic acid (0.56 g) were mixed
with N,N-dimethylformamide (30 mL) in a Teflon-lined
autoclave and then heated at 403 K in an oven under static
condition for 72 h. After cooling to the room temperature,
the resulting yellow powder was filtered under vacuum and
washed with acetone. To remove organic species trapped
within the pores, the samples were activated in boiling meth-
anol overnight and stored at 373 K.

VA-D-p-SPE Procedure

The determination of phenol pollutants was carried out by
VA-D-u-SPE using amine-functionalized MOF as sorbent
followed by high-performance liquid chromatography with
photodiode-array detection (HPLC-PDA). For this purpose,
an aliquot of 10.00 mL aqueous phenol standard or sample
solution was added to a 15-mL centrifuge tube containing
30 mg of sorbent. The mixture was then placed in a vortex
mixer for 10 s to accelerate the sorption of the target ana-
lytes onto the sorbent. Subsequently, the solid sorbent was
isolated from the solution by centrifugation at 5000 rpm
for 1 min. After that, the supernatant was discarded. Then,
1500 pL of acetonitrile—acetic acid mixture (9.5:0.5, v/v)
was added in the centrifuge tube. The analytes were des-
orbed by vortex mixing for 10 s. The mixture was centri-
fuged at 5000 rpm for 1 min. The desorption solvent which
contained analytes of interest was filtered through a 0.45-pm
membrane and evaporated to dryness by rotary evaporator.
The residue was reconstituted in 50 pL of acetonitrile before
HPLC analysis. The proposed D-u-SPE-HPLC procedure is
schematically depicted in Fig. 1.

Sample Collection

Two lake water samples were collected from dif-
ferent areas in Khon Kaen province, Northeast-
ern Thailand (16°24'58.3"N 102°50'07.4"E and
16°26'55.6"N 102°51'03.0"E). Treated water sample
(16°28'23.0"N 102°49’07.2"E) and two wastewater
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Fig. 1 Scheme of the proposed VA-D-u-SPE procedure for determination of phenol pollutants

samples (16°27'38.3”"N 102°4826.0"E and 16°27"25.6"N
102°48'31.0"E) were collected in Khon Kaen Univer-
sity campus. River water sample was taken from Chi
river (Maha Sarakham province, Northeastern Thailand,
16°13'55.0"N 103°15'58.6"E) and seawater sample was
taken from Bangsaen beach (Chonburi province, Eastern
Thailand, 13°20'32.4"N 100°55'31.0"E). Tap water sample
was freshly collected from the laboratory (16°28'33.6"N
102°49'26.6"E) and drinking water samples were bottled
water from three different companies sold in Khon Kaen
(16°28'39.1"N 102°4923.7"E). All samples were passed
through a Whatman No. 42 filter paper before analysis by
the proposed VA-D-u-SPE-HPLC method.

Molecular Docking

The adsorption ability of MOFs depends directly on the
interaction between the analytes and MOFs. In order to
investigate such interaction and to understand the adsorp-
tion at a molecular level, a molecular docking, a com-
putational technique used to predict the small-molecule
conformations adopted within the binding sites of mac-
romolecular targets as well as their interaction, has been
performed. The studied amine-functionalized MOF
(NH,-MIL-53(Al)) crystal structure was taken from the
Cambridge Crystallographic Data Centre (CCDC num-
ber: 901254) [32]. All phenolic compound structures were
downloaded from PubChem (https://pubchem.ncbi.nlm.
nih.gov) and the structures were re-optimized with quan-
tum calculation B3LYP/6-31G(d) level using Gaussian 09
program [33]. All docking calculations were performed
with a grid box size of 60 X 60 X 60 A3, grid spacing of
0.375 A, 2.5x 10° energy evaluations, and 200 runs of the
Lamarckian genetic algorithm searches using AutoDock
4.2 program [34]. The binding free energies were calcu-
lated and the orientation of the analytes in the binding site
of NH,-MIL-53(Al) was investigated.
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Results and Discussion
Characterization of the Prepared Sorbent

The synthesized sorbent was characterized by XRD,
TGA, and FTIR experiments (Fig. S1, Supplementary
Information). The framework structure of as-synthe-
sized sorbent was identified by XRD and the pattern is
shown in Fig. S1A. As can be seen, the XRD pattern of
the as-synthesized sorbent was in good accordance with
the simulated MIL-53, indicating that the pure phase of
NH,-MIL-53(Al) was obtained. It has been reported that
by starting from the similar synthesis mixture at the same
temperature, different MIL structure can be obtained just
by changing the synthesis time, 24 h for MIL-101 and
72 h for MIL-53 [22]. This also supports the formation
of NH,-MIL-53(Al) in the present work. In order to ana-
lyze the molecular structure and identify the functional
groups of as-synthesized sorbent, the FTIR spectroscopy
was used and the results are shown in Fig. S1B. A series
of peaks appeared in the range of 1400-1700 cm™~! were
assigned to carboxylic acid that coordinated with A13*
and the carbonyl groups of DMF molecule which adhered
to channels of the sorbent. The absorption peaks around
1600 and 1500 cm™" attributed to asymmetric stretchings
of carbonyl, while two peaks at about 1440 and 1400 cm™!
were carbonyl symmetric stretchings. An observed absorp-
tion peak at 1670 cm™ is assigned to stretching vibration
of carbonyl group in molecules of free DMF, and the bands
at 3500 and 3380 cm™! are due to the stretching vibration
of NH, group. Therefore, the results from XRD and FTIR
analysis clearly confirm the formation of NH,-MIL-53(Al)
structure.

The thermal behavior of the synthesized
NH,-MIL-53(Al) was studied by TG measurement (Fig.
S1C). TGA curve showed a two-step weight loss. First step
showed a weight loss of 7% up to 120 °C corresponding
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to the release of methanol molecules trapped in the pores
of the framework structure. The TGA data revealed that
the MIL-53 was stable up to 420 °C. At this temperature
it showed the starting of a second step weight loss related
to the decomposition of organic ligand, aminoterephthalic
acid [35].

Optimization of the VA-D-p-SPE Conditions

The synthesized NH,-MIL-53(Al) was applied as sorbent for
development of VA-D-u-SPE for eight target phenol com-
pounds, including Ph, 4-NP, 2,4-DNP, 2-NP, 4-C-3-MP,
2,4-DCP, 2-M-4,6-DNP and 2,4,6-TCP. In order to obtain
the best extraction efficiency, various extraction parameters,
including the amount of sorbent, desorption solvent and its
volume, vortex and centrifugation time for adsorption and
desorption were optimized. The test solutions, containing
analytes at 0.80 pg mL~! for 4-C-3-MP, 2,4-DCP and 2,4,6-
TCP and 0.50 ug mL™~! for the other five phenols, were used
to perform the optimization experiments which were carried
out in triplicate.

Effect of the Sorbent Amount

An appropriate sorbent amount is crucial for excellent
extraction efficiency. The goal was to minimize it as much
as possible, to ensure a real microextraction procedure. To
study the influence of sorbent amount on adsorption effi-
ciency, 10.00 mL of mixed standard solution of phenol
compounds was added to different amounts of solid sorb-
ent, then vortexed for 10 s. In the present work, the amount
of NH,-MIL-53(Al) in the range of 10-120 mg was tested.
After centrifugation for 10 min, the supernatant was filtered
through a 0.45-pm membrane and the remaining analytes
were analyzed by HPLC-PDA. The adsorption percentage
(%Adsorption) of each analyte was calculated by the fol-
lowing equation:

%Adsorption = (C, /C,) X 100,

where C, is the concentration of analyte adsorbed on the
sorbent and Cj, is the initial concentration of analyte.

The results in Fig. S2 (Supplementary Information)
revealed that the adsorption increased with the increase of
sorbent amounts from 10 to 30 mg and remained constant
afterwards. No analytes except for Ph was detected after
the adsorption experiment, indicating that the sorbent has
good adsorption capability for the target analytes. Conse-
quently, 30 mg of NH,-MIL-53(Al) was sufficient for effec-
tive extraction of the target analytes and was selected for
further experiments.

The possible adsorption mechanism of phenol molecules
on NH,-MIL-53(Al) is based on the n—r interaction between
phenols and phenyl rings of aminoterephthalic acid ligand
in the framework of NH,-MIL-53(Al). In addition, all of the
studied phenols can enter the pores of NH,-MIL-53(Al) as
their kinetic dynamic diameters (3.9-5.4 A) [36] are smaller
than the pores (7.3 A x 7.7 A) [37] of NH,-MIL-53(Al).
Moreover, the hydrogen bonding can be formed between
the nitro group of the nitrophenol as proton acceptor and
amino groups as proton donors in the framework [24]. In
case of Ph, the adsorption was unable to reach 100% because
it contains only one hydroxyl group for forming hydrogen
bonding and other noncovalent weak interactions with
NH,-MIL-53(Al), leading to a less adsorption efficiency
compared with other analytes [38].

Effect of the Adsorption Time

The adsorption time is one of the most important factors
affecting the adsorption efficiency of analytes. To ensure
that the analytes were adsorbed to a maximum extent, the
vortex was selected for accelerating the adsorption of ana-
lytes onto the sorbent. The effect of vortex time was inves-
tigated in the range of 0-60 s using the sorbent amount of
30 mg and sample volume of 10.00 mL. As illustrated in Fig.
S3 (Supplementary Information), the adsorption of 4-NP
increased significantly in case of using vortex for 10 s when
compared to the result obtained from the experiment with-
out vortex process. The satisfactory results for all analytes
could be obtained using vortex agitation for 10 s and further
increase of vortex time did not contribute to any improve-
ment of the %Adsorption. Therefore, the obtained results led
to the selection of 10 s adsorption time using vortex agita-
tion for further studies. At this point, the centrifugation after
adsorption process was also optimized. Different centrifuga-
tion times were studied in the range of 1-13 min, but 1 min
was found to be enough to settle down the sorbent and gave
adequate extraction efficiency. Longer times did not improve
any extraction efficiency (data not shown). Therefore, after
adsorption process, the mixture was centrifuged for 1 min to
separate the solid sorbent from the aqueous sample solution.

Effect of Desorption Solvent and Its Volume

The desorption solvent is also a critical variable for VA-D-
p-SPE technique. In this study, several solvents and sol-
vent mixtures including methanol, acetonitrile, ethanol,
methanol-acetic acid (9.5:0.5, v/v), acetonitrile—acetic
acid (9.5:0.5, v/v) and ethanol-acetic acid (9.5:0.5, v/v)
were evaluated as desorption solvent with vortex for 10 s
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for desorption of the analytes from the solid sorbent. The
other experimental conditions were kept as follows: sample
volume, 10.00 mL; sorbent amount, 30 mg; vortex time,
10 s; centrifugation after adsorption, 1 min at 5000 rpm;
desorption solvent volume, 1000 pL; centrifugation after
desorption, 10 min at 5000 rpm. The obtained results in
Fig. S4 (Supplementary Information) show that high desorp-
tion efficiency was obtained using acetonitrile as desorption
solvent. Moreover, the addition of acetic acid resulted in
increasing of extraction recoveries for some analytes, i.e.,
Ph, 2,4-DNP, 2-NP and 2-M-4,6-DNP, due to its strongest
dissolving ability to analytes. Thus, the mixture of acetoni-
trile—acetic acid (9.5:0.5) was chosen as desorption solvent
for further studies.

The volume of the acetonitrile—acetic acid mixture was
investigated in the range of 100-2000 pL. It should be noted
that in this optimization process the solvent containing des-
orbed analytes was injected into the HPLC system without
evaporation. As shown in Fig. S5 (Supplementary Informa-
tion), the peak area of the analytes increased with increasing
the volume of desorption solvent from 125-1500 pL and
remained almost constant afterward. Therefore, 1500 pL of
acetonitrile—acetic acid mixture was selected for desorption
of the phenol compounds from NH,-MIL-53(Al) sorbent.

Effect of Desorption Time

The desorption time is another important factor that affects
the extraction recovery of analyte. In this work, vortex was
chosen to enhance the desorption of analytes from sorbent.
The vortex desorption times were varied in the range of
0-60 s. The highest desorption of analytes were obtained
when the vortex desorption time was at 10 s. After 10 s, the
desorption remained constant (see Fig. S6, Supplementary
Information). Hence, the vortex desorption time of 10 s was
selected as optimum condition. At this point, the centrifuga-
tion time was also optimized. Different times in the range of
1-10 min were studied; however, 1 min was adequate to sep-
arate sorbent from solution. Longer times did not improve
the extraction of analytes (data not shown).

Considering the results obtained from adsorption experi-
ments, it could be observed that the NH,-MIL-53(Al) sorb-
ent exhibited effectively quantitative adsorption for most
phenol compounds (except for Ph). However, desorption of
total amounts of adsorbed analytes from the sorbent could
not be performed as expected. Only about 20% (for 2,4-
DNP) to 65% (for 4-NP) were desorbed from the sorbent
under the selected extraction condition. Anyway, the satis-
factory sensitivity was achieved for determination of phenol
compounds in real samples. In the present work, the sorbent
was disposed after each determination for preventing the
effect of carry over.
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Analytical Features of Direct HPLC and the Proposed
VA-D-p-SPE-HPLC Procedure

Under the optimum HPLC condition as described in
the experimental section, separation of eight phenols
was achieved within 14 min, with the following order
of elution: Ph (fz = 4.0 min), 4-NP (#z = 4.9 min), 2,4-
DNP (tg = 7.0 min), 2-NP (tz = 8.1 min), 4-C-3-MP
(tg = 9.5 min), 2,4-DCP (#y = 10.6 min), 2-M-4,6-
DNP (zzx = 11.3 min), and 2,4,6-TCP (tz = 13.8 min).
Linearity was observed in the concentration range of
0.4000-50.000 ug mL~" with the coefficients of determina-
tion (R?) greater than 0.9936. The limits of detection (LODs)
and limits of quantification (LOQs) were considered as the
concentrations obtaining a signal-to-noise ratio of 3 and 10,
respectively. The LODs and LOQs ranged from 0.12-0.46
and 0.39-1.54 pg mL™!, respectively. The intra-day preci-
sion (n = 5) of the method, expressed as the relative standard
deviations (RSDs) of the retention time and peak area of
the phenols at 5 ug mL~!, was less than 0.33 and 4.36%,
respectively. The inter-day experiments (n = 5 X 3) showed
the RSDs of the retention time and peak area of less than
0.64 and 6.30%, respectively.

For preconcentration of phenol compounds, the optimum
VA-D-u-SPE condition using NH,-MIL-53(Al) as sorbent
was applied before analysis by HPLC. This method exhib-
ited a good linearity in the range of 0.0015-10.000 pug mL ™"
with the R? greater than 0.9929. The low LODs and
LOQs were obtained in the range of 0.0004-0.0133 and
0.0013-0.0519 ug mL~", respectively. Precisions in terms
of intra- and inter-day experiments were investigated
by replicate analyses of standard mixture of the analytes
(0.05 ug mL~! each) in a day (n = 5) and several days
(n =5 X 3), respectively. The intra-day RSDs of retention
time and peak area were below 2.24 and 9.05%, respectively.
For inter-day experiments, the RSD values were below 2.03
and 9.56% for retention time and peak area, respectively.
The enrichment factors (EFs) for all analytes, which were
obtained by comparing the concentrations before and after
the VA-D-u-SPE process, were in the range of 45 to 205.
The analytical features of the proposed method are summa-
rized in Table 1. Chromatograms of phenols obtained from
the direct HPLC and the proposed VA-D-u-SPE procedure
are presented in Fig. 2.

Application to Real Samples

To evaluate the applicability of the developed VA-D-p-
SPE-HPLC for determination of phenol compounds in
real sample matrices, 11 water samples, including lake
water, treated waste waters, river water, seawater, tap
water and three drinking waters were analyzed. No analyte
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residue was detected in the studied samples. In order to
evaluate the accuracy, a recovery study was performed by
spiking the samples with the analytes at the concentration
levels of 0.10 and 0.15 ug mL~! before analysis by the
proposed method. As summarized in Table 2, the recover-
ies were all in the acceptable range of 72.3-111.4% (on
average) with RSDs less than 10.4%. Fig. S7 (Supplemen-
tary Information) shows typical chromatograms of tap
water sample with spiked phenols at various concentra-
tions. Based on the results above, the proposed method
gave good analytical performance for the analysis of tar-
get phenols in the studied water samples.

Comparison of the VA-D-u-SPE to Other Methods

The developed VA-D-u-SPE procedure using
NH,-MIL-53(Al) as sorbent for determination of phenol
compounds was compared to different SPE techniques, as
summarized in Table 3. The sensitivity in term of LODs
is comparable to that obtained from the MSPE method
using molecular imprinted polymer [5]. However, the
wide linear range for determining a variety of phenol
compounds was obtained using the proposed procedure.
For comparison with other MOF sorbents, the amount
of sorbent, extraction conditions, linearity and LODs

@ Springer

Time (min)

were considered. As can be seen in Table 3, the proposed
NH,-MIL-53(Al) sorbent exhibits shorter extraction time
and wider linearity range compared with those obtained
from Fe;0,@Si0,-MOF-177 [36], Zn/Co,.,-MPC [39]
and UiO-66-coated stainless steel fiber [40]. In addition,
the developed method offers simple extraction process in
short extraction time (less than 3 min) and low sample
consumption, compared to those reported by other meth-
ods, in which can meet the requirements of the determina-
tion of a variety of phenolic compounds in various water
matrices.

Molecular Docking

The binding free energies (AGypgiy,) Obtained from molecu-
lar docking are listed in Table 4. Note that, a larger negative
value of AGy;giy, refers to higher analyte—-MOFs interaction
and adsorption ability. As a result, by substituting one nitro
group the interaction was increased about 1.2 times com-
pared to that of Ph. The increase of more than 1.3 times was
obtained when substituting with two nitro groups, especially,
when methyl group was included. This is due to not only the
hydroxyl group, but also the substituted nitro groups can form
hydrogen bonding with MOFs, leading to the larger binding
ability (see Fig. 3b). Similarly, chloro substitutions provided
the higher energy than — 6 kcal/mol (about 1.3 times) due
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Table 2 Determination of phenol residues in water samples

Analyte Added Lake water I Lake water 11 Treated water Waste water 1

(MemL™) Lond %R %RSD Found %R %RSD Found %R %RSD Foud _ %R %RSD

(ngmL™h) (ngmL™h) (ngmL™h) (ngmL™h)

Ph - ND ND ND ND

0.10 0.10 1002 2.9 0.09 90.1 104  0.10 95.1 24  0.09 947 4.8

0.15 0.14 927 35 0.13 883 55 0.13 857 104 0.14 949 0.8
4-NP - ND ND ND ND

0.10 0.10 102.7 7.2 0.10 100.8 6.1 0.10 993 23 0.10 96.0 4.5

0.15 0.14 903 4.2 0.12 812 14 0.14 945 36 014 924 6.7
2,4-DNP - ND ND ND ND

0.10 0.09 937 0.3 0.10 992 1.8 0.10 977 20 0.09 914 1.7

0.15 0.12 82.0 23 0.12 816 18 0.13 848 37 0.12 81.7 1.8
2-NP - ND ND ND ND

0.10 0.08 82.8 64 0.08 822 52  0.08 829 62  0.08 80.0 4.0

0.15 0.12 76.7 7.1 0.12 774 7.0  0.13 84.5 10.1 0.15 98.6 7.0
4-C-3-MP - ND ND ND ND

0.10 0.10 102.0 4.8 0.10 101.0 1.2 0.10 1014 14  0.10 1019 7.5

0.15 0.14 96.2 3.1 0.14 953 24 0.15 1019 2.1 0.14 96.4 5.1
2,4-DCP - ND ND ND ND

0.10 0.09 90.0 4.1 0.09 93.0 28 0.10 103.1 33 0.10 97.1 54

0.15 0.12 80.8 4.5 0.12 81.0 29 0.14 92.7 3.1 0.14 93.8 5.8
2-M-4,6-DNP - ND ND ND ND

0.10 0.09 91.7 1.2 0.09 89.6 44  0.09 934 73 0.09 88.1 14

0.15 0.13 859 42 0.12 80.2 1.6 0.13 839 53 0.11 76.1 2.1
2,4,6-TCP - ND ND ND ND

0.10 0.09 94.6 3.1 0.10 1014 28  0.11 109.7 44  0.10 102.7 4.2

0.15 0.12 814 29 0.13 878 12 0.14 930 37 0.3 88.3 2.1
Analyte Added Waste water 11 River water Seawater Tap water

Meml™) Lnd %R %RSD Found %R %RSD Found %R %RSD Found %R %RSD

(ngmL™h (ngmL™h) (ng mL™h) (g mL™)

Ph - ND ND ND ND

0.10 0.09 926 4.5 0.10 1013 2.5 0.09 91.8 8.0 0.08 832 7.1

0.15 0.14 902 1.3 0.16 1055 2.8 0.12 819 6.1 0.15 1004 0.8
4-NP - ND ND ND ND

0.10 0.10 99.5 4.4 0.10 1005 4.2 0.10 97.8 2.5 0.10 973 59

0.15 0.14 96.4 5.5 0.15 1004 9.0 0.15 1002 3.4 0.14 93.8 54
2,4-DNP - ND ND ND ND

0.10 0.10 98.1 0.8 0.10 975 2.0 0.10 97.1 2.0 0.10 103.6 5.3

0.15 0.13 86.5 2.6 0.13 86.3 2.7 0.12 815 7.8 0.14 912 23
2-NP - ND ND ND ND

0.10 0.08 83.1 89 0.11 1105 8.1 0.11 107.6 7.1 0.09 933 8.6

0.15 0.12 80.1 5.3 0.17 111.4 52 0.12 81.5 4.8 0.11 76.0 5.1
4-C-3-MP - ND ND ND ND

0.10 0.10 99.8 6.1 0.10 1040 0.6 0.10 98.1 52 0.10 100.7 3.2

0.15 0.15 96.8 1.8 0.14 937 1.6 0.15 989 2.0 0.15 98.8 0.5
2,4-DCP - ND ND ND ND

0.10 0.09 87.4 4.8 0.10 99.6 2.8 0.10 96.7 2.3 0.08 84.7 5.5

0.15 0.14 91.0 3.1 0.15 97.0 9.1 0.14 925 0.3 0.14 92.8 6.1
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Table 2 (continued)

Analyte Added Waste water 11 River water Seawater Tap water
(Meml™) Lind %R %RSD Found %R %RSD Found %R %RSD Found %R %RSD
(ug mL™) (ug mL™) (ug mL™) (ug mL™)
2-M-4,6-DNP — ND ND ND ND
0.10 0.10 96.1 5.0 0.10 96.6 3.4 0.09 913 0.5 0.11 107.9 6.1
0.15 0.13 89.4 9.5 0.12 824 24 0.11 73.1 39 0.14 932 19
2,4,6-TCP - ND ND ND ND
0.10 0.10 99.1 4.0 0.10 99.3 09 0.10 99.2 9.8 0.10 100.6 4.0
0.15 0.13 83.6 3.1 0.14 952 33 0.15 96.7 2.5 0.15 98.2 6.8
Analyte Added Drinking water I Drinking water II Drinking water 111
(hg mL™h Found %R %RSD Found %R %RSD Found %R %RSD
(ngmL™") (ngmL™) (g mL™h
Ph - ND ND ND
0.10 0.09 88.6 5.1 0.10 101.1 3.6 0.08 83.7 6.9
0.15 0.14 95.5 1.3 0.15 96.7 4.1 0.12 79.4 44
4-NP - ND ND ND
0.10 0.10 96.6 1.7 0.09 93.6 3.0 0.09 87.2 22
0.15 0.15 98.0 1.4 0.14 95.7 1.6 0.13 84.2 4.7
2,4-DNP - ND ND ND
0.10 0.09 94.2 1.3 0.09 94.4 0.8 0.10 102.7 22
0.15 0.12 71.1 6.6 0.11 74.6 10.1 0.12 81.7 3.7
2-NP - ND ND ND
0.10 0.09 86.6 7.6 0.10 96.0 1.7 0.08 79.6 8.1
0.15 0.14 93.1 72 0.14 94.8 0.4 0.12 719 3.7
4-C-3-MP - ND ND ND
0.10 0.10 101.6 1.7 0.10 101.3 2.8 0.10 96.2 2.6
0.15 0.14 92.3 25 0.15 99.0 1.8 0.12 82.6 4.1
2,4-DCP - ND ND ND
0.10 0.10 98.6 2.4 0.10 97.9 0.3 0.09 89.2 6.5
0.15 0.14 93.7 1.0 0.15 97.8 2.6 0.12 78.2 59
2-M-4,6-DNP - ND ND ND
0.10 0.09 91.3 0.8 0.09 91.6 2.6 0.10 98.5 3.0
0.15 0.11 75.7 1.8 0.11 72.3 7.1 0.13 85.4 49
2,4,6-TCP - ND ND ND
0.10 0.10 100.3 3.4 0.10 98.7 0.7 0.10 102.6 1.9
0.15 0.14 95.8 1.7 0.15 97.9 5.4 0.13 87.3 32

ND not detected refers to values below detection limits

to the dipole—dipole interaction between the chloro groups  are in good agreement with the adsorption ability observed
and polar hydrogen atoms of NH,-MIL-53(Al) taking place. =~ experimentally.

In addition, the binding modes showed that the orientations

of 4-C-3-MP, 2,4-DNP and 2-M-4,6-DNP molecular planes

were parallel to the benzyl group of MOFs yielding the -1 =~ Conclusions

interaction and thus enhancing the interaction. Parallel orien-

tations were not observed for other compounds, as displayed  In this work, the metal-organic framework,
in Fig. 3a (for other analytes, see also Fig. S8, Supporting ~ NH,-MIL-53(Al) was successfully applied as sorbent
Information). In summary, the calculated binding free energies ~ for the VA-D-u-SPE of eight phenols in different water
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Table 3 Comparison of the developed VA-D-u-SPE to other microextraction techniques for determination of phenol residues
Method [Ref.] Analytes Sample matrix Linear range LODs EFs
MIMSPE-HPLC/UV [5] Ph; 4-CP; 2,4-DCP; Tap water; river ~ 0.005-2.0 mg L' 0.56-4.5 pe L! NR
Sorbent: MIP with 2,4,6-TCP template 2.,4,6-TCP; PCP water; sewage
Elution solvent: 2.0 mL acetonitrile con- water

taining 0.3% v/v acetic acid
Extraction time: 50 min
Sample: 60 mL
MIP-SPE-HPLC/UV [3] 2-NP; 3-NP; 4-NP; 2,4,6- Environmental ~ 1-300ng mL™'  0.10-0.22ng mL~' NR
Sorbent: MIP with 2-NP template TCP water
Elution solvent: 3.0 mL alkaline methanol
Sample: 120 mL
In syringe DSPE-HPLC/DAD [2] Ph; 4-NP; 2-CP; 2,4- River water 0.05-40 ug ™' 0.005-0.153 pg L™! 36-459
Sorbent: 6.0 mg LDO-HSs DNP; 2-NP; 2,4-DEP;
Sample: 100 mL 4-C-3-MP; 2,4-DCP;
Elution solvent: 200 pL. TFA (10%) 2-M-4,6-DNP; 2,4,6-

TCP; PCP

MSPE-GC/MS [36] Ph; 2-MP; 4-MP; River water; lake 1-200 pg L! 16.8-208.3 ng L' NR
Sorbent: 20 mg Fe;0,@Si0O, + 20 mg 2,4-DMP; 2,4-DCP; water; waste

MOF-177 3-M-4-CP water
Sample: 20 mL
Ultrasonication: 25 min
Elution solvent: 2 mL acetonitrile under

ultrasonication (30 s), blowing under N,

to 0.5 mL
MSPE-HPLC/UV [40] 2-CP; 3-CP; 2,3-DCP; Tap water; honey 0.5-100 ng mL~! 0.1-0.2 ng mL™! NR
Sorbent: 15 mg Zn/Co,.;-MPC 3,4-DCP tea
Sample: 100 mL
Extraction time: 20 min shaking
Elution solvent: 1% alkaline methanol (0.4 mL)
SPME-GC/MS [41] Ph; 2,6-DMP; 2,4-DCP;  River water; lake 1-1000 pg L™ 0.11-1.23 pg ™'  160-3769
Sorbent: UiO-66-coated stainless steel fiber  2,6-DCP; o-cresol; water
Sample: 10 mL; pH 4; 35% NaCl p-cresol
Extraction temperature: 50 °C (50 min);

speed 600 rpm
Desorption temperature: 280 °C (3 min)
VA-D-u-SPE-HPLC/PDA [this study] Ph; 4-NP; 2,4-DNP; Treated water; 0.005-10.000 0.0004-0.0133 45-205
Sorbent: 30 mg NH,-MIL-53(Al) 2-NP; 4-C-3-MP; 2,4- waste water; pg mL™! pg mL™!

Sample: 10.00 mL

DCP; 2-M-4,6-DNP;

river water;

sea water; lake
water; drinking
water; tap water

Adsorption: vortex (10 s), centrifugation 2,4,6-TCP
(1 min)
Desorption solvent: 1500 pL
acetonitrile:acetic acid
Desorption: vortex (10 s), centrifugation
(1 min)
NR not reported
Table 4 The binding free Analytes AGyiain
energy (AGyiygiyg) Of the (kcal/m gl)
analytes obtained from the
molecular docking Ph —4.66
2-NP —5.38
4-NP -5.79
2,4-DNP -6.01
4-C-3-MP —-6.17
2,4-DCP —-6.15
2-M-4,6-DNP —6.50
2,4,6-TCP — 6.44

samples. The developed approach exhibits good analyti-
cal performance and offers the simple operation process
with time-saving and small sorbent amount usage. Further-
more, the docking calculations were investigated in terms
of binding free energy and orientation of the analytes in
the binding site of NH,-MIL-53(Al). The computational
results were in good agreement with the experimental
studies. The results proved that the NH,-MIL-53(Al) sorb-
ent possesses great potential in the preconcentration of

phenolic pollutants in trace levels.

@ Springer
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Fig.3 Binding modes between MOFs and selected analytes exhibiting a orientation of the analytes in binding pocket and b hydrogen bonding

(dashed line). The figures were generated by UCFS Chimera 1.11 program [39]
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