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Abstract The authors describe a zinc(Il) benzenetricarboxylate
(Zn-BTC) based metal-organic framework (MOF) with
chrysanthemum-like structure, and its application to the adsorp-
tion of pesticides from real water samples. The Zn-BTC MOF
was characterized by XRD, TGA, SEM, nitrogen adsorption-
desorption analysis and FT-IR spectroscopy. The MOF was
used in dispersive solid-phase extraction of six aromatic pesti-
cides from various wastewater samples prior to their quantifi-
cation by HPLC. Extraction times, extraction temperature,
amount of adsorbent, and oscillation rate were optimized.
Under the optimal conditions, the method has relative standard
deviations (RSDs) of 6.1-10.1%, and good linearity (correla-
tion coefficients higher than 0.9974). The LODs and LOQs for
seven pesticides are found to be 0.20-1.60 pug-L ™" and 0.66—
5.28 ug'L ™", respectively. The RSDs of within batch extraction
are 1.6-9.5% and 3.9-12%.

Keywords Dispersive solid-phase extraction - High
performance liquid chromatography - SEM - Nitrogen
adsorption-desorption - Water analysis - Environmental
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Introduction

Metal-organic frameworks (MOFs), known as metal organ-
ic coordination polymers, commonly recognized as “soft”
analogues of zeolites, is a new class of porous and crystal-
line materials [1, 2]. The assembly of MOFs constructed
from metal ions or metal ion clusters as connectors and
organic ligands as linkers, which have attracted consider-
able attention over the past decade, owing to their enor-
mous varieties of interesting diverse topology and wide
potential applications as functional materials, such as hy-
drogen storage, gas separation, catalysis, sensing, and im-
aging due to their large surface area, high thermal stability,
tunable pore size and other merits [3—8]. All of these applica-
tions bring with them a clear and persistent need for increasing
control over the properties of MOFs, including crystal size [9,
10], crystal morphology [11, 12] and chemical composition
and structure [13—15].

At present, there are many techniques for realizing synthet-
ic control over the properties of MOFs. One or two dimen-
sional nanostructures, such as nanorods and nanosheets can be
directly produced following an original crystal structure of
target materials in chemical solution systems [16, 17].
Moreover, the addition of a certain kind of modification agent
to solutions can tailor the morphology of materials in a desired
manner [18, 19]. The approaches can be broadly classified as
either modification of a stable final MOF structure or change
of synthetic conditions. However, a drastic morphological
change both in size and in shape is difficult to achieve because
the original crystal structure is being defined in the respective
materials. Some studies have demonstrated that self-template
method for directing the morphology of nanostructured mate-
rials, thus, a new MOF structures and morphologies was got-
ten, apart from the crystal structure of the objective metal
oxide, with an appropriate choice of intermediate compounds
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[20]. The structural diversity of MOFs can proceed through
several metastable intermediate structures [21].

In the present work, we describe the synthesis and
characteristics of different Zn-BTC (BTC = 1,3,5-
benzenetricarboxylate) based-MOFs by solvent thermal meth-
od, direct addition method and diffusion technique, with re-
spect of morphology, choice of expansion reagent
(cyclohexane) and change of solvent allows for anisotropic
growth of MOFs, which enables the synthesis of various
shapes of Zn-BTC. Because MOFs have received much
attentions for gas adsorption application, however, there
are limited information about their liquid adsorption prop-
erties, for this purpose, the adsorption properties of Zn-
BTC as adsorbent of dispersive solid phase extraction (DSPE)
combined with HPLC were investigated. Remarkably, the Zn-
BTC demonstrated significant adsorption properties for six
pesticides removal.

Materials and methods
Materials and chemicals

Pesticides standards containing Avermectin, Pyridaben,
Dursban, Carbofuran Fenvalerate and Triadimefon were ac-
quired from National Institute of Metrology (Beijing, China,
http://www.nim.ac.cn/), the structures of six pesticides were
given in Table S1. Zinc Chloride (ZnCl,), 1,3,5-
benzenetricarboxylic acid (H;BTC), N,N-dimethylformamide
(DMF), cyclohexane, and triethylamine were from Rionlon
Bohua (Tianjin) Pharmaceutical & Chemical Co. Ltd.
(China, http://www.rionlon.com/comcontent detail01/i=
5&comContentld=5.html) and used directly without further
purification. Methanol and anhydrous ethanol were from
(Fisher Scientific, China, http://www.fishersci.com.cn/v2/).
All used deionized water in the experiment was prepared by
Aquapro Water Purification System (Chongqing, China,
http://cqyiyang.bioon.com.cn/).

The stock solutions of 100 mg-L ™" each pesticide was pre-
pared in deionized water and stored in amber bottles in the
refrigerator at 4 °C. The standard working solutions were pre-
pared by diluting the stock solution with deionized water to
the required concentration. Two real water samples were col-
lected from the East River (Industrial wastewater) and West
River (Domestic sewage) (Baiyin, Gansu Province, China).
Tap water was from our lab. All these samples were filtrated
through 0.45 um glass fiber membrane (Automatic Science,
China) and stored in brown glass bottles at 4 °C.

Instrument and chromatographic conditions

FT-IR spectra were recorded on a Digilab FTS3000 FTIR
spectrometer using the KBr wafer technique. Thermal
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gravimetric analysis (TGA) was performed using a TGA
2050 with a ramping rate of 5 °C-min "' from 25 to 800 °C
under air. The XRD measurements were carried out on a D/
max-2400 X-ray powder diffractometer (Japan, Rigaku),
using CuK« radiation (40 kV, 30 mA) source with a reso-
lution of 0.02° and scanning speed of 0.5 °min~'. SEM
images were recorded on a ULTRA Plus (Germany Zeiss).
TEM were conducted on Tecnai G2 F20 (FEI, USA) with
an accelerating voltage of 80 kV was used. Nitrogen
adsorption-desorption isotherms were performed at 77 K
on a Quantachrome AS1Win™. The specific surface area
was calculated from the adsorption-desorption isotherm by
using the Brunauer-Emmet-Teller (BET) equation and the
pore size was calculated from the adsorption isotherm by ap-
plying the Barret-Joyner-Halenda (BJH) method. Oscillation
in extraction procedure was performed by a SHZ-82A envi-
ronmental incubator shaker (Changzhou Guohua Electric Co.,
Ltd., China).

The Agilent 1260 series HPLC-UV system (Agilent
Technologies, USA) with a variable wavelength detector
and a reverse phase C;g HPLC column (5 pum,
150 mm % 4.6 mm, Agilent, USA) were used for quantitative
analysis. Mobile phase flow rate was 1.0 mL-min~' and was
constituted of the organic phase A (methanol) and aqueous
solution B (water), (A/B = 90:10, v/v). The wavelength of
UV detection was 230 nm and the sample injection volume
was 20 pL.

Assembly procedure

The Zn-BTC MOFs was synthesized by direct addition
method, diffusion technique, and solvent thermal method,
respectively. (1) Direct addition method, a mixture of
H3;BTC (0.06 g) and ZnCl, (0.30 g) were dissolved in
triethylamine (0.5 mL) and DMF (10 mL), and diluted with
distilled water (3 mL). Then triethylamine (0.05 mL) was
allowed to diffuse slowly into the original mixture.
Afterwards, these mixture were sealed with a sealing film
and placed in an oven at 80 °C. After 8 h, colorless crystals
were filtrated from the resulting solution and washed three
times using DMF, and natural drying. The end products
were labeled as Zn-BTC-A. (2) Diffusion method, H;BTC
(0.1 mmol) and ZnCl, (0.2 mmol) was dissolved in DMF
(10 mL) and cyclohexane (I mL) in 25 mL small beaker
at room temperature. A mixture of triethylamine (0.5 mL)
and DMF (5.0 mL) was placed in 100 mL big beaker.
Then the small beaker was placed in big beaker, the big
beaker was sealed with a sealing film and maintained for
14 h in an oven at 80 °C, and then white floccules were
appeared. The product were filtrated and washed three
times with DMF, and then dried under vacuum at 60 °C
and used for further experiments. The finished products
were labeled as Zn-BTC-D. In order to compare, the other
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sample was prepare using same diffusion technique with-
out the addition of cyclohexane, which was labeled as Zn-
BTC-D (No cyclohexane). (3) Solvothermal method, an
original mixture were prepared by direct addition method,
then the mixture was transferred into a Teflon-lined auto-
clave and heated at 80 °C. After 10 h, colorless crystals
were filtrated from the resulting solution and washed three
times with DMF, and natural drying. The achieved prod-
ucts were labeled as Zn-BTC-S.

Procedure of adsorption and separation

For preconcentration of pesticide, 10 mg of Zn-BTC was dis-
persed in 15 mL of sample solution in centrifuge tube, then the
sample solution was shaken in oscillator with 200 rpm and at
25 °C. After 30 min, Zn-BTC was separated in centrifuge for
5.0 min with 5000 rpm, and then 20 pL of upper solution was
taken and injected into HPLC and used to analyze the residual
concentrations of pesticides in sample. The equilibrium ad-
sorption capacity ¢, (ug'g ') was calculated according to
Eq. (1):

go = LC=C) XV (1)
m

where C, and C, are the initial and final concentrations

(ug'L™") of pesticides in sample solution, respectively, V

(L) is the volume of the sample solution, and m (g) is the

mass of adsorbent.

Results and discussion
Choice of materials

Adsorption is a separation technology with a great potential
for reducing energy consumption. The primary requirement in
any adsorption process is to choose an adsorption material
with high selectivity, capacity and life. To date, several
MOFs including IRMOFs, ZIFs and MILs have been used
as adsorbent for enrichment and preconcentration of various
analytes. More and more researchers have focused their atten-
tion on the rational design and optimization of novel MOFs.
By varying inorganic/organic components, molecular topolo-
gies and organic linkers, ideally novel MOFs with additional
features can be created [22]. Herein, with the help of design of
task-specific adsorbents, the new MOFs are believed to have
superior potential for adsorption applications.

Characterization of Zn-BTC MOFs

Figure 1a shows the FT-IR spectra of Zn-BTC-D (The FT-IR
spectra of Zn-BTC-A and Zn-BTC-S are same as Zn-BTC-D).
The main functional groups of the predicted structure can be
observed with corresponding infrared absorption peaks. The
absence of peaks at 1720-1680 cm ' suggested that deproton-
ation has happened in acidic COOH, which clearly indicate
that the carboxylate ion participates in the complex formation.
The characteristic vibration at 754 cm™' may be attributed to
Zn-O stretching vibration, in which the oxygen atom is

Fig. 1 Characterization of the b Zn-BTC
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Fig. 2 SEM images of (a) Zn-BTC-A; (b) Zn-BTC-D; (¢) Zn-BTC-S

coordinated with Zn. Very broad peak formation at 3100—
3600 cm ' in the complex indicate the presence of loosely
bound water molecules in Zn-BTC. The most significant
peaks are the stretching V_o, V.o and bending O-H vibra-
tional frequencies seen at 1614, 1568, 1422 and 1367 cm
respectively, indicating the presence of a carboxylic acid
group.

The TGA curves of Zn-BTC-D and Zn-BTC-D (No cyclo-
hexane) (Fig. 1b) reveal that a gradual weight loss observed at
temperatures up to 200 °C for both the crystals is attributed to
the evaporation of the solvents that are incorporated into the
frameworks, which indicate Zn-BTC-D is stable up to 200 °C.
A plateau then follows at temperatures up to 420 °C for two
samples. Finally a large weight loss (45%) with a sharp exo-
thermic peak occurs at temperatures between 420 and 500 °C,
which are ascribed to the decomposition of the organic com-
ponents and the crystallization of ZnO.

In order to verify the phase purity of the complexes,
powder XRD was performed. As shown in Fig. 1c, samples
show diffraction patterns identical to those of the simulated
one (Blue line) [23], indicating that the structure of Zn-
BTC-D is well preserved and the complexes is pure pow-
der. In the 26 range of 5.0—40°. The dominant peaks of the
synthesized Zn-BTC-D at 8.8°, 10.1°, 10.9°, 13.4°, 16.4°,
18.5°, 19.3°, 23.8°, and the peak positions can be indexed
to (111), (200), (220), (222), (400), (331), (420) and (333)
[24]. Because of the addition of cyclohexane in this paper,
all peaks of Zn-BTC-D (Black line) are all higher than
those of Zn-BTC-D (No cyclohexane) (Red line), which
indicate the expansion reagent can enhance the crystallinity
of the sample.

In order to further demonstrate the space structure of the
Zn-BTCD-D, schematic description of inorganic and organic
secondary building units including linkers and resulting topol-
ogies is shown in Fig. 1d. Zn-BTC-D has structure based on
Zn30 clusters in which each of two Zn centers is bound by
two bridging dimonodentate and one monodentate carboxyl-
ates. The remaining Zn center is bound by a total of four
bridging dimonodentate carboxylates. There are three terminal
ligands (two water and one DMF, each bound to different Zn).

To gain a better understanding of the morphological struc-
ture of the synthesized Zn-BTC, all samples were also char-
acterized using SEM (Fig. 2). The crystals of Zn-BTC-A grow
into well-defined aggregates of tetrahedral and cuboids frame-
works approximately 5 um in size (Fig. 2a). Trigonal prismat-
ic geometry is uncommon for metal ions in extended networks
[25], however, using H;BTC and expansion reagent cyclohex-
ane, we have been able to access this geometry frameworks.
From Fig. 2b, the chrysanthemum-like structure of trigonal
prisms and triangles of Zn-BTC-D have been assemblied.
The long-rod shape of the Zn-BTC-S crystals is clearly seen
in the Fig. 2c, the crystal sizes are in the range of 10-20 pm
without any aggregation. Some crystals may break in the pro-
cess of growth due to too long crystal rod. The morphology of
Zn-BTC-S samples is consistent with other SEM images pub-
lished for this similar material [26].

To further characterize the porosity of Zn-BTC, nitrogen
adsorption experiments were performed at 77 K. The data of
the surface area pore volume and pore size are listed in
Table 1. As can be seen in Table 1, all the materials are meso-
porous and the BET specific surface area of Zn-BTC MOFs
including Zn-BTC-A, Zn-BTC-D, and Zn-BTC-S are

Table 1 Some properties of Zn-

BET surface area (mz-gfl)

Pore volume a(cm3 -gﬁl) Pore size ° (nm)

BTC for nitrogen adsorption- Samples

desorption experiments
Zn-BTC-A 12.64
Zn-BTC-S 35.08
Zn-BTC-D 49.65
(No cyclohexan)
Zn-BTC-D 55.05

0.13 5.24
0.79 9.04
0.86 8.40
1.54 13.55

#Total pore volume

® Average pore diameter calculated using BJH method
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Fig. 3 The adsorption capacity of AC and Zn-BTC-D to six pesticides

measured to be 12.64, 49.65 and 35.08 m*-g "', respectively.
The pore volume and pore size of Zn-BTC-D is larger than
that of Zn-BTC-D (No cyclohexane). This phenomenon can
be attributed to the effect of expansion agent, which is consis-
tent with the powder XRD.

Adsorption properties of Zn-BTC

The research about the adsorption characteristics of the Zn-
BTC for organic analytes is critical to explore their potential
applications. Considering the abundant phenyl rings as brid-
ges throughout the bulk framework of the Zn-BTC, six pesti-
cides including Avermectin, Pyridaben, Dursban, Carbofuran
Fenvalerate and Triadimefon were selected as model analyte,
and their adsorption affinity on the Zn-BTC-D (In the follow-
ing experiment, Zn-BTC-D as example) and commercial
Active Carbon (AC) as comparision are evaluated and shown
in Fig. 3. The relative standard deviations (RSDs) are found to
be 1.36-2.17% for AC and 1.12-2.79% for Zn-BTC-D(n = 3).
The six pesticides are compounds with 7t-7t conjugate struc-
ture and have strong affinity with Zn-BTC-D rich in aromatic
rings. The adsorption amounts of pesticides increased with an
increase of the conjugated double bonds and condensed ring,
further indicating the potential main role of the 7t-7t stacking
interaction. The results suggest that the Zn-BTC-D has unusu-
al potential for removal to pesticides of trace concentrations.

Optimization of method

The following parameters were optimized: (a) Extraction
time; (b) Extraction temperature; (c) Amount of adsorbent;

100 i

3
[9/]
1

Abundance (x 10%4)
2

1 2 3 4 5 6 7 8
Time (min)

Fig. 4 Chromatograms of six pesticides for the extracts of 50.0 pg L'
standard solution (a); industrial wastewater (b); domestic sewage (c); tap
water sample (d) with the Zn-BTC-D followed by HPLC/UV analysis.
Peaks: 1 Carbofuran, 2 Triadimefon, 3 Dursban, 4 Fenvalerate, 5
Pyridaben, and 6 Avermectin

(d) Oscillation rate. Respective data and Figures are given in
the Electronic Supporting Material (Fig. S1). The following
experimental conditions were found to give best results: (a)
30 min was optimized extraction time; (b) The best extraction
efficiency was achieved at 25 °C; (c) An amount of 10 mg of
adsorbent; (d) 200 rpm was selected in the experiment.

Validation of method

Optimized DSPE conditions are employed to validate the ana-
lytical performance of the method. As shown in Table S2, good
linearity with satisfactory squared regression coefficients
(R? > 0.9974) is acquired. The calibration curves for pesticides
are linear in the range of 10.0~1000 or 20.0-1000 pug-L™". The
LOD and LOQ are calculated as the concentration correspond-
ing to the signals of 3 and 10 times the standard deviation of the
baseline noise, respectively. The LOD and LOQ for seven pes-
ticides are found to be 0.20-1.60 ug-L ™" and 0.66-5.28 pg'L ™",
respectively, these data are lower than the GB/T5749-2006
(China, Such as Chlorpyrifos <20 pg-L™"), which indicate the
practicability of the method. The repeatability is measured, and
the relative standard deviations (RSDs) are found to be 1.60—
9.50% within batch and 3.90-12.2% for batch to batch extrac-
tion. These results prove that the Zn-BTC-D is quite stable and

Table 2 An overview reported

MOE-based methods for Analyte MOF used Method applied LODs Ref.

preconcentration of pesticides, (ug'L™

insecticides, herbicides and drugs
Insecticides MOF-C DSPE-HPLC-UV 0.34-0.71 [27]
Herbicides MIL-101 DSPE-HPLC-DAD 0.98-1.90 [28]
Drugs Polymethacrylate-IL SPE-HPLC-UV 3.50-7.30 [29]
Pesticides MOF-Zn DSPE-HPLC-UV 0.20-1.60 This work
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the diffusion method based on chemical bonding is reproduc-
ible and reliable.

An overview reported MOF-based methods for
preconcentration of pesticides, insecticides, herbicides and drugs
is listed in Table 2. The results show that the developed method
has lower LODs than the others in the range of 0.34—7.30 pg-L™"
and can determine more pesticides types. Comparing with the
corresponding SPE, the DSPE is rapid, sensitive, cheap, and
efficient for the analysis of pesticides in water samples [27-29].

Practical application

To demonstrate the applicability of the investigated Zn-BTC-D,
several water samples including East river, West river and tap
water were analyzed. As shown in Table S3 and Fig. 4, six
pesticides are detected in the industrial wastewater, ranging
from 37.3 t016.5 pg'L™". No pesticides are found in the tap
water, while five pesticides ranging from 13.4 to 33.7 pg'L ™'
are detected in the domestic sewage. The samples are then
spiked with standard solutions of pesticides at 20.0 ug-L™" to
evaluate the recoveries, which ranged from 78.6 to 116.1% for
industrial wastewater, 87.5 to 107.9% for domestic sewage, and
97.5 to 101.1% for tap water. The results are owing to the
difference of accumulation effect of hazardous pesticides in a
different matrix. The nonpolar pesticides are more inclined to
transport in complex composition of the sample due to the ad-
sorption of organic matter such as humus and microorganism.

Conclusions

In this study, a novel metal-organic frameworks (MOFs) based
on Zinc-benzenetricarboxylates (Zn-BTC) were successfully
synthesized using cyclohexane as expansion reagent. The chem-
ical bonding between BTC and Zn endows the MOFs with high
chemical stability and desirable durability. Besides that, its suc-
cessful application as adsorbent in DSPE combined with HPLC-
UV was tested by preconcentration of six pesticides in real water
samples and showed high sensitivity, unusual adsorption prop-
erties, good reproducibility and outstanding selectivity. It will be
possible that these Zn-BTC MOFs as supports can be one of the
most promising candidates for environmental pollutants separa-
tion and enrichment. The structural diversity of MOFs can ex-
pand the application scope to related detection schemes.
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