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Abstract: Development of advanced strategies for the extraction and preconcentration of trace
levels of pollutants is essential for the quality control of water resources. A new procedure for
the fast and highly efficient extraction of organic micropollutants from water using dispersions
of zeolitc imidazolate framework-8 (ZIF-8) crystals in a mixture of solvents is reported. The
synergistic effect of using ZIF-8 dispersions in mixtures of water miscible and immiscible

solvents enhances mass transfer and greatly improves extraction kinetics and capacity in
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comparison with the use of porous crystals or solvent microextraction separately. The effect of
the ZIF-8 crystal size and surface composition has been evaluated using four different ZIF-8
samples spanning the micro- and nanometer range. The relevant parameters involved in the
extraction such as the composition of the dispersion medium, the amount of ZIF-8 crystals, the
extraction time, or the volume of dispersion required to ensure the maximum extraction
efficiency, has also been studied using diethyl phthalate as a model compound. The use of 26 nm
ZIF-8 crystals obtained using n-butylamine modulated synthesis has shown very fast extraction
kinetics and excellent enrichment factors ranging from 150 to 380 for a mixture of six phthalate
esters listed as priority pollutants by the United States EPA, allowing to reach detection limits

below the ng/L.

1. Introduction

Water is one of the human basic needs,' and the quality control of water resources is crucial in
order to avoid short- or long-term problems derived from water pollution.”” The quality control
of water often involves the use of advanced materials for the efficient enrichment of toxic
micropollutants present on the environment at very low levels prior to their detection and
quantification.*” In this sense, porous materials, like porous carbons,® surface-modified silica,’
porous polymers,8 and metal-organic frameworks (MOFs) and related compounds,g'12 are

currently under active investigation as advanced sorbents for pollutant extraction and

preconcentration.

MOFs, obtained by linking metal cations (or cationic metal clusters) with organic linkers,

have attracted significant interest in the last years mainly due to the advantage of showing a large
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variety of structural types and chemical compositions, high surface area and permanent

13,14

nanoscale porosity.'>'* MOFs have been widely studied as materials for catalysis,'>'® gas storage

18

and separation,'”"® sensing and drug delivery,'” and, more recently, the first analytical

applications of MOFs have emerged.*® In this field, MOFs have shown to be promising materials

2123 2429

as sorbents for sample preparation, as chromatographic stationary phases, as well as for

29,30 31-33

the development of improved detection systems and sensors. However, MOFs crystalline
powders generally possess a random crystal size and shape, which makes troublesome their
direct application and have led to engineer hybrid materials containing them, such as flow

136

through supports,”® magnetic beads,” beads coated with a MOF shell®®, or MOF crystals

entrapped on a porous monolith®’.

Among the different types of MOFs, zeolitic imidazolate frameworks (ZIFs)***° are a
subclass of MOFs with zeolite-type topologies composed of four-coordinated transition metal
cations linked by imidazole ligands. The ZIF-8,*** with a cubic sodalite-related framework
obtained by linking zinc atoms through 2-methylimidazole ligands (Fig. S1), is a very attractive
candidate for analytical applications because of its high surface area, hydrophobicity and
exceptional chemical and thermal stability. The synthesis of ZIF-8 is highly versatile facilitating
the integration of this material into sensors or devices.”' However, the direct use of ZIF-8 crystals
as sorbents is troublesome due to the difficulty to prepare packed beds with irregularly shaped
crystals, and to the poor contact between phases when the hydrophobic crystals are directly
added to an aqueous phase. By the former reasons, the reported applications of as-synthesized
ZIF-8 crystals for the extraction of pollutants from water require of long extraction times,*** the

4547

fabrication of ZIF-8 extraction containers,” ™’ or the use of engineered hybrid ZIF-8 supports.*®
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Herein we report on the use of dispersions of ZIF-8 crystals in binary water miscible and
inmiscible solvent mixtures as a high-performance synergetic approach for the extraction and
preconcentration of environmental pollutants such as the rhodamine B dye, one of the most
important xanthene dyes and dye pollutants from the textile industry,” and a mixture of six
phthalate esters listed as priority pollutants by the European Environmental Agency and the US
Environmental Protection Agency (EPA) (chemical structures showed in Fig. S2). The
influence on the extraction performance of the ZIF-8 crystal size and surface composition as well
as other relevant parameters, such as the composition of the dispersion medium, the amount of
ZIF-8 crystals, the extraction time, or the volume of dispersion required to ensure the maximum
extraction efficiency, has also been evaluated. The reported procedure, once optimized, has
allowed to obtain very high enrichment factors for phthalate esters in a very short time and could

be easily extended to other families of organic pollutants.

2. Experimental

2.1. Chemicals. Methanol (> 99.8%), dichloromethane (> 99.9%), acetonitrile (> 99.9%),
ethyl acetate (> 99.9%), hexane (> 96%), Zn(NOs3),.6H,0 (98%), 2-methylimidazole (99%), n-
butylamine (> 99.5%), sodium formate (99%), Rhodamine B (> 95%) and diethyl phthalate
(99.5%), were purchased from Sigma-Aldrich and used as received. A 2000 pg/mL EPA
phthalates esters mix analytical standard in hexane was purchased from Supelco, containing
dimethyl phthalate (DMP); diethyl phthalate (DEP); di-n-butyl phthalate (DBP); Bis(2-

ethylhexyl) phthalate (DEHP); butyl benzyl phthalate (BBP); di-n-octyl phthalate (DNOP).
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2.2.  Synthesis. ZIF-8 samples of different crystal size were synthesized following procedures

reported in the literature.”'

For ZIF-8 nanocrystals (ZIF-NC) synthesis two solutions, one of 810.6 mg (9.874 mmol)
of 2-methylimidazole (Hmim) in 50 mL of methanol and another one of 734.4 mg (2.469 mmol)
of Zn(NOs),.6H,0 in 50 mL of the same solvent, were prepared. The solution containing the
organic ligand was slowly poured into the other one under stirring. The solution mixture was left,
without stirring, at room temperature for 24 h. The resulting white solid was separated by

centrifugation, washed three times with fresh methanol and dried at room temperature.

ZIF-8 crystal size can be controlled by the addition of a modulator agent into the organic
ligand solution.”' Following this approach, smaller ZIF-8 nanocrystals (ZIF-NCB) were obtained
by addition of 0.975 mL (9.874 mmol) of n-butylamine to the Hmim solution. Micro-sized ZIF-8
crystals (ZIF-MC) were prepared by adding 671.5 mg (9.874 mmol) of sodium formate to the
Hmim solution. The rest of synthesis conditions were kept the same as in the preparation of ZIF-

NC sample.

Larger ZIF-8 microcrystals (ZIF-C) were obtained using the same reaction mixture as
that used in the formate-modulated microcrystal synthesis. The reaction solution was then

transferred to a closed vessel and heated in a microwave oven at 373 K for 4 h.

2.3. Sample characterization. Powder X-ray diffraction data were collected using CuKa (A
= 1.54056 A) radiation on a Siemens D5000 diffractometer. Particle morphology was analyzed

by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) using a
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Hitachi S-3400N microscope operated at 15 kV and a Hitachi ABS microscope operated at 100

kV, respectively.

2.4. Micropollutant extraction using ZIF-8 crystals dispersions. Unless stated, a typical
extraction procedure was as follows. A binary solvent mixture of dichloromethane and methanol
(20/80, v/v %) was prepared. ZIF-8 crystals were added to a final concentration of 5 mg of ZIF-8
per mL of solvent mixture, and re-dispersed in it by sonication for 30 min. 9 mL of an aqueous
sample containing the organic pollutant were placed in a screw-capped glass vial of the
appropriate size and 1 mL of the ZIF-8 crystals dispersion was rapidly injected in it using a I mL
glass syringe with a metallic needle. The mixture was vortexed for 1 min, and centrifuged for
another 1 min at 4000 rpm. The aqueous phase was finally separated from the dichloromethane
soaked ZIF-8 crystals by decantation. The quantification of the remaining amount of pollutant in
the aqueous phase was determined by direct UV-vis spectrophotometry. Rhodamine B

absorbance was measured at 553 nm. DEP absorbance was measured at 275 nm.

For the enrichment of pollutants prior to GC-MS analysis (see detailed GC-MS analysis
conditions in the supplementary information), the sediment containing the ZIF-8 crystals after
centrifugation was dried under a gentle steam of nitrogen in order to remove the dichloromethane
soaking the crystals, as well as the undesired remaining water. Extracted species were desorbed
using 0.25 mL of ethyl acetate under sonication for 5 min. Finally, the extract was centrifuged
for 2 min at 4000 rpm and most of the solvent was retrieved with a microsyringe and placed in a

small-volume vial for the subsequent gas chromatography — mass spectrometry analysis.
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3. Results and discussion

3.1. Extraction procedure

The basis of the developed new extraction procedure using ZIF-8 dispersions in solvent
mixtures is similar to that of the dispersive liquid-phase microextraction technique.” In a typical
extraction experiment, ZIF-8 crystals were dispersed in a homogeneous binary solvent mixture
composed by a water miscible solvent (methanol), and containing a smaller amount of a water
non-miscible solvent (dichloromethane, 5-25%). The solvent mixture containing the dispersed
ZIF-8 crystals was rapidly injected into an aqueous solution containing the organic pollutant, and
the non-miscible solvent was phase separated releasing small droplets which were dispersed
throughout the aqueous phase due to the action of the water miscible solvent. The ZIF-8 crystals
due to the hydrophobic character of their surface tend to confine in the water non-miscible
solvent droplets, which gradually settle down due to its higher density regarding to water. To
illustrate the operation of the developed procedure, Fig. 1 shows its application for the extraction
of rhodamine B. The direct addition of ZIF-8 nanocrystals into the rhodamine B aqueous
solution does not allow good contact between phases (Fig. 1a) and complete extraction was not
achieved even after 24 hours under stirring conditions (Fig. 1b). However, using the developed
procedure the organic molecule was completely extracted after only 1 min of vortex mixing and
1 min of centrifugation (at 4000 rpm) (Fig. 1¢), which proves that the described solvent-assisted
solid-phase extraction synergistic approach allows the rapid and efficient extraction of organic
pollutants. In the case of pure solvent extraction, using an identical mixture of solvents and
extraction conditions in the absence of ZIF-8 crystals, the extraction of the organic pollutant was

also incomplete (Fig. 1d).
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3.2.  Synthesis and characterization of ZIF-8 crystals

An interesting method to control the size and shape of some MOFs is the addition of
monodentate ligands, named modulators, which compete with the bridging multidentate linkers
for coordination to the metal. This competition regulates the nucleation and growth rates and the

final crystal size.”'">>*

Following this approach, four ZIF-8 samples with different crystal sizes
were prepared in order to evaluate the influence of the crystal size on the extraction performance

(see experimental section for synthesis details).

Fig. 2a shows the X-ray powder diffraction patterns of the synthesized samples. All
diffraction lines of the diffractograms can be assigned to a ZIF-8 structure type, indicating that in
all cases pure-phase ZIF-8 crystals were obtained without the occurrence of any other transient
crystalline phase. Successful synthesis of ZIF-8 was also checked by FT-IR spectroscopy (Fig.
385152 N

S3). All the spectra show the typical bands of the ZIF-8 metal-organic framework

significant differences were observed among the different ZIF-8 samples prepared.

The morphology and crystal size of the prepared materials were studied by Scanning
Electron Microscopy (SEM) (Fig. 2c to 2e) except in the case of the smallest nanocrystals
prepared using n-butylamine as modulator, which were examined by Transmission Electronic
Microscopy (TEM) (Fig. 2b). Statistical analysis performed on several electronic micrographs
showed that room temperature synthesis performed in the absence of modulator ligand (ZIF-NC)
or in the presence of n-butylamine (ZIF-NCB) (Fig. 2c, 2b, and S4) produced nanoparticles with
globular shape and a mean particle size of about 148 and 26 nm, respectively, probably due to

the early termination of the crystal growth. In the case of formate-modulated synthesis,
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individual microcrystals with thombic dodecahedral morphology with an average size of 3 and

12 um, respectively, were obtained (Fig. 2d, 2e, S5 and S6).

3.3.  Application to the extraction of rhodamine B

To check the solvent-assisted solid-phase extraction procedure developed, an initial test for the
extraction of the dye rhodamine B was conducted (see experimental section for extraction
procedure details). Rhodamine B is a well-known water tracer fluorescent and is widely used as a
colorant in textiles and food,” being one of the most important dye pollutants of textile

industry.56

Results obtained using dispersions in methanol/dichloromethane of the four different
ZIF-8 samples prepared, together with those obtained using only the solvent mixture (in absence
of ZIF crystals) or only the ZIF crystals (in absence of the dichloromethane/methanol mixture),
are shown in Fig. 3. It can be observed that the uptake of rhodamine B increases while the size
of the ZIF-8 crystal decreases, and that a remarkable increase was obtained when using the
smallest ZIF-8 crystals (26 nm). Besides that, results depicted in Fig. 3 show that the combined
action of the dispersed ZIF-8 crystals in the binary solvent mixture provided, in all cases, at least
a 4-5 fold enhancement of the uptake of rhodamine B compared to the sum of the uptake values
obtained using separately either the solvent mixture or the ZIF crystals, showing a synergetic
effect. The best results were obtained when using the butylamine-modulated ZIF-8 nanocrystals
as solid sorbent, which results in a 23-fold increase for the extraction of rhodamine B. The
significant increase in the uptake of rhodamine B is probably due to the smaller crystal size and

concomitant increase of the effective surface area for extraction, although the contribution of
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other factors, such as the presence of dual micro- and mesoporosity, as previouly reported by
other authors,” the incorporation of n-butylamine molecules on the crystal surface (with the
subsequent modification of surface properties, vide infra) or the fact that smaller crystals can
generate smaller droplets of the hypdrophobic solvent, enhancing the effective contact area

between the aqueous and the organic phase, cannot be discarded.

To assess the extraction performance of ZIF-8 in comparison with other materials
typically used for the extraction of organic compounds, a comparison with two of the most
commonly used solid sorbents, silica-C18 beads and activated carbon, was performed following
the same procedure used in the case of ZIF-8 crystals (Fig. 3). The extraction ability of the
dispersions of ZIF-8 crystals was always higher than that of activated carbon (DISP-AC). In the
case of the dispersion of silica-C18 beads (DISP-C18), the rhodamine B uptake was similar to
those of ZIF-8 microcrystals and lower to those of ZIF-8 nanocrystals, especially to those
prepared using n-butylamine as modulator, which showed a 5-fold higher uptake in comparison

with commercial silica-C18 beads, and a 12-fold increase in comparison with activated carbon.

3.4. Application to the extraction of diethyl phthalate. Extraction conditions optimization

Phthalate esters are widely used as additives to reinforce the properties of plastic materials.
When plastic is degraded phtalates can be released to the environment. Human exposure to
phthalates is because of direct use of plastic products containing them, or indirectly due to
general environmental contamination. For example, the diethyl phtalate (DEP) is a commonly
used phthalate ester, which is suspected to cause damage to the nervous system as well as to the

reproductive organs.”®>’ For this, DEP and other commonly occurring phtalates have been

10
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classified as priority pollutants by the European Environmental Agency and the US

Environmental Protection Agency (EPA).*°

The uptake of DEP using alkylamine-modulated ZIF-8 crystals, a dispersion of
dichloromethane in methanol, and the combined action of both using ZIF-8 crystals of different
sizes was studied measuring the UV absorption of the remaining DEP in the aqueous phase after
extraction (Fig. 4a). DEP uptake using only the alkylamine-modulated ZIF-8 nanocrystals was
almost negligible in the short extraction time used (1 min). As in the case of rhodamine B
extraction, the DEP uptake increased when using under the same conditions ZIF crystals
dispersed in the solvent mixture, reaching its maximum value (approximately 370 mg DEP/g
ZIF-8) when using the alkylamine-modulated ZIF-8 nanocrystals (Fig. 4b). However, in contrast
with rhodamine B extraction, dispersions of ZIF-8 nanocrystals prepared in the absence of a
modulator agent showed the lowest DEP uptake, suggesting that, in this case, the adsorption
phenomenon depends on other factors apart from the surface area. An explanation could be that
the presence during the synthesis of modulator agents which can be incorporated on crystals

surface, as already reported by other authors,”**’

may result in crystals with different surface
properties and, as consequence, different surface affinity to DEP molecules. The incorporation of
n-butylamine on ZIF-NCB nanocrystals was demostrated by the presence of n-butylamine
signals in the "H NMR spectrum of the solution obtained by acid mineralization of the crystals in
deuterium chloride (Fig. S7). From this spectrum a 2-methylmidazole/n-butylamine ratio of
approximately 20/1 was determined, which is significant since the n-butylamine should be only
present on the surface of the crystals. However, the amount of n-butylamine released when the

ZIF-NCB nanocrystals were dispersed in the solvent mixture was almost negligible, since it was

detected at trace level using GC-MS (Fig. S8). This fact reinforces the hypothesis that the n-

11
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239  butylamine present in the crystal is coordinated to the surface modifying its properties and

240  facilitating the extraction of hydrophobic organic molecules.

241 As the surface charge of ZIF-8 can be affected by the pH of the extraction medium,”! its
242  effect on the DEP adsorption was studied in the pH range from 2 to 12 for solvent-assisted solid-
243  phase extraction using nanocrystals obtained in both, presence or absence of a modulator agent.
244  The DEP uptake was not significantly influenced by the pH of the medium when the extraction
245  was carried out using ZIF-8 nanocrystals prepared in the presence of n-butylamine (Fig. S9). In
246  the case of ZIF-8 nanocrystals prepared in the absence of the modulator agent (Fig. S10), the
247  extraction of DEP was highly influenced by the pH, obtaining the best results at pH< 4, a value
248  lower than that used in the previous discussed extraction studies, which were conducted at a
249  sligthly basic pH (7-8). However, although the DEP amount extracted by ZIF-8 nanocrystals
250  obtained in absence of modulator molecules increases when pH decreases, it is necessary to work
251 at pH lower than 4 and to increase the extraction time by a factor of ten to reach an uptake
252  similar to that of n-butylamine modulated ZIF nanocrystals. Because of the much higher
253  adsorption capacity shown by the alkylamine-modulated ZIF-8 nanocrystals, they were selected

254  for further studies aimed to stablish the best extraction conditions.

255 Dichloromethane is required to disperse the crystals throughout the aqueous phase. To
256  assess the influence on the extraction efficiency of the amount of dichloromethane present in the
257  solvent mixture, solutions containing different concentrations (from 10 to 25%) of
258  dichloromethane were tested. Results depicted in Fig. 5a show that to achieve a good dispersion
259  and a high DEP extraction yield a minimun concentration of 17% of dichloromethane is needed.
260 In order to obtain a high uptake of DEP and concomitantly use the smallest possible volume of

261 solvent we selected a concentration of 20% of dichloromethane for further studies.

12
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Fig. 5b shows the effect of ZIF-8 concentration on the extraction performance. The
addition of just 1 mg of ZIF-8 crystals per mL of dispersing solvent mixture enhanced the uptake
of DEP by a factor of nearly 4. As expected, the amount of DEP extracted increases as the
amount of ZIF-8 increases, reaching its maximum value at a concentration of approximately 10

mg of ZIF-8 crystals per ml of solvent mixture.

Fig. 5c shows the effect of the mixing time on the percentage of DEP extracted.
Extraction using the developed procedure was very fast and an 80% of recovery was attained
after just 1 min of mixing. This fact is attributed to the enhanced contact between phases when

dispersions of ZIF-8 nanocrystals in dichloromethane/methanol mixtures are used.

Finally, Fig. 5d shows the influence of the volume ratio between the organic phase
containing the ZIF-8 crystals and the aqueous phase. Best results were obtained by the addition

of 1 mL of dispersion to a volume of 9 mL of aqueous sample.

3.5. Application to the enrichment of phthalate esters at trace levels

Under the previously optimized experimental conditions, the performance of the different ZIF-8
samples prepared was evaluated for the enrichment of trace levels of 6 phthalate esters,
catalogued by the US Environmental Protection Agency as priority environmental pollutants. For
that, 9 ml of a 20 pg/L phtalates mix standard aqueous solution was vortexed for 1 min with 1 ml
of a dichloromethane/methanol solvent mixture (20/80, v/v%) containing 5 mg of ZIF-8 crystals.
After extraction, the phthalate esters retained by the solid were desorbed using an appropriate
solvent, and a small amount of the solvent used for desorption was injected into a GC-MS (see

experimental section and supplementary information for details). Fig. 6 shows the

13
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284  chromatograms obtained for the phtalates mix standard solution, before and after solvent-assisted
285  solid-phase extraction. The intensity of the 6 phthalate peaks markedly increased after extraction,

286  showing the efficiency of the developed approach.

287 Fig. 7 compares the enrichment factors calculated from the ratio of the peak areas
288  obtained from the GC-MS chromatograms with and without extraction. In agreement with results
289  described for DEP extraction (vide supra) and with data previously reported by other authors,**
290  very low enrichment factors, between 3 and 9, were obtained for all six phthalate esters when
291  using ZIF-8 nanocrystals prepared in the absence of modulator agent as solid sorbent. Better
292 results, with enrichment factors between 18 and 177, were obtained in the case of formate-
293  modulated ZIF-8 microcrystals. As in the case of thodamine B and DEP, the best results were
294  achieved when the extraction is perfomed using n-butylamine-modulated ZIF-8 nanocrystals.
295  The high enrichment factors obtained in this last case (between 150 and 380) demonstrate the
296  feasibility and the high performance of the developed procedure for extraction and
297  preconcentration of phtalates esters present in water even at very low levels. In fact, using n-
298  butylamine-modulated ZIF-8 nanocrystals, the detection limits for the selected phthalate esters
299  are below the ng/L for all 6 phthalate esters, a value much lower than those reported previously

300 obtained using other extraction procedures (see Table S1).

301

302 4. Conclusions

303  This contribution presents a simple, rapid and highly efficient procedure for the enhanced
304  extraction and preconcentration of organic environmental pollutants by using dispersions of

305 porous solids in binary solvent mixtures, as exemplified using ZIF-8 crystals for the efficient

14
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adsorption of rhodamine B and phthalate esters. The binary solvent mixture, containing a
dispersant water-miscible solvent and an extractant/ZIF-8 container solvent which is non-
miscible with water, facilitates the use of porous ZIF-8 crystals for the extraction of
micropollutants from water. The synergistic action of solvent extraction containing a porous
solid allows to obtain excellent enrichment factors in a very short time in comparison with
classical solvent extraction or direct extraction using only ZIF-8 crystals, specially in the case of
n-butylamine modulated ZIF-8 nanocrystals. The superior performance of n-butylamine
modulated ZIF-8 nanocrystals is attibutted mainly to their small crystal size and the more
hydrophobic character of their surface. The simplicity of this approach can be extended to other
MOFs and organic solvent mixtures, as well as applied to the extraction and preconcentration of
different families of organic pollutants, enabling a plethora of new possibilities for chemical

extraction.
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Fig. 1 Extraction of rhodamine B (10 uM, 9 mL) in water by direct addition of ZIF-8 crystals
after a) 1 h and b) 24 h. Addition of c) an identical amount of ZIF-8 crystals dispersed in 1 mL of
a dicholoromethane/methanol mixture (20/80, v/v%), and d) an identical solvent mixture in the
absence of ZIF-8 crystals.



Page 19 of 24

RSC Advances

2 Theta (degree)

Fig. 2 a) Powder X-ray diffraction patterns of the different ZIF-8 samples synthesized: ZIF-
NCB, n-butylamine modulated nanocrystals; ZIF-NC, nanocrystals; ZIF-MC, formate modulated
microcrystals; and ZIF-C, formate modulated microcrystals prepared at 373 K. TEM image of
ZIF-NCB (b). SEM images of ZIF-NC (c), ZIF-MC (d), and ZIF-C (e).
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Fig. 3 Percentage of Rhodamine B extracted using dispersions of ZIF-8 crystals of different size.
Results obtained using only the solvent mixture (CH2CI2), only the butylamine-modulated ZIF-8
crystals (ZIF-NCB) and dispersions of activated carbon (DISP-AC) and silica-C18 beads (DISP-
C18) are also shown for the sake of comparison. See experimental section for details on the
extraction procedure.
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Fig. 4 a) UV-vis spectra of a 200 mg/L diethyl phthalate (DEP) solution before and after
extraction with a dispersion without (CH2CI2) and with 5 mg/mL of both ZIF-8 microcrystals
(DISP-ZIF-MC) and ZIF-8 nanocrystals synthesized using n-butylamine as modulator agent
(DISP-ZIF-NCB). b) Quantification of the amount of DEP extracted by using different ZIF-8
crystals. The contribution of DEP extraction by the dichloromethane/methanol mixture has been
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Fig. 5 Effect on the extraction of DEP of a) the amount of dichloromethane, b) the amount of
ZIF-8 crystals, c) the vortex-assisted mixing time and d) the volume ratio between the
methanol/dichloromethane mixture containing ZIF-8 crystals and the aqueous phase containing
DEP. All the studies have been performed using n-butylamine-modulated ZIF-8 nanocrystals.
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Fig. 6 GC-MS chromatograms of a mixture of 6 phthalate esters obtained by direct injection of a
20 ug/L standard and after solvent-assisted porous solid sorbent extraction using the larger ZIF-8
microcrystals (ZIF-C) and the ZIF-8 nanocrystals synthesized using n-butylamine as modulator
agent (ZIF-NCB). Peaks: 1, DMP; 2, DEP; 3, DBP; 4, DEHP; 5, BBP; 6, DNOP.
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Fig. 7 Enrichment factors obtained for a mixture of six phthalate esters after solvent-assisted
extraction using ZIF-8 crystals of different size.



