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ABSTRACT 

We present for the first time the application of metal-organic framework (MOF) mixed-matrix disks 

(MMD) for the automated flow-through solid-phase extraction (SPE) of environmental pollutants. 

Zirconium terephthalate UiO-66 and UiO-66-NH2 MOFs with different size (90, 200 and 300 nm) have 

been incorporated into mechanically stable polyvinylidene difluoride (PVDF) disks. The performance of 

the MOF-MMDs for automated SPE of seven substituted phenols prior to HPLC analysis has been 

evaluated using the sequential injection analysis technique. MOF-MMDs enabled the simultaneous 

extraction of phenols with the concomitant size exclusion of molecules of larger size. The best extraction 

performance was obtained using a MOF-MMD containing 90 nm UiO-66-NH2 crystals. Using the 

selected MOF-MMD, detection limits ranging from 0.1 to 0.2 μg L−1 were obtained. Relative standard 

deviations ranged from 3.9 to 5.3% intra-day, and 4.7 to 5.7% inter-day. Membrane batch-to-batch 

reproducibility was from 5.2 to 6.4%. Three different groundwater samples were analyzed with the 

proposed method using MOF-MMDs, obtaining recoveries ranging from 90 to 98% for all tested 

analytes. 
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 1 

1.  Introduction 2 

Metal-organic frameworks (MOFs) are an exciting class of crystalline materials based on the 3 

coordination of metal ions or clusters with rigid organic linkers, creating extended ordered networks [1-4 

4]. Due to their large surface area, low density, and tunable composition, MOFs have been widely studied 5 

for their use in gas storage [5], separation [6], or catalysis [7]. In the past years the use of MOFs in the 6 

analytical chemistry field has been constantly growing [8-11]. MOFs have shown to be promising 7 

materials for sampling [12,13], sample preparation [14,15], analyte separation [16-18] and detection 8 

[19,20]. For all these applications, MOFs can be used directly, or as templates for other materials, such 9 

as carbons, metal oxides or layered double hydroxides [21,22]. 10 

 However, due to their small size and non-spherical morphology, it is difficult to fully exploit 11 

MOFs properties for extraction or separation applications, requiring additional MOF processing 12 

strategies such as growth of MOFs on particles [23-26] and monoliths [27-31], or MOF magnetization 13 

[32-34]. In addition, MOFs have been incorporated in membranes using different approaches [35-38]. 14 

Among them, the entrapment of a high load of well dispersed MOF crystals in a polyvinylidene difluoride 15 

(PVDF) matrix, has been recently reported for the preparation of useful membranes for molecular size 16 

selective filtration [39].  17 

 Among the different types of MOFs, UiO (Universitetet i Oslo) MOFs, based on the coordination 18 

of zirconium clusters with aromatic carboxylic acids, are excellent candidates for the development of 19 

analytical applications due to their high stability [40,41]. The most well-known MOF of the UiO family 20 

is the UiO-66, obtained by linking zirconium clusters using terephthalic acid, which contain benzene 21 

rings which can interact with other aromatic compounds via - interactions. Already reported 22 
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applications are the use of the UiO-66 MOF as sorbent for the dispersive solid-phase extraction of 23 

polychlorinated biphenyls [42], as fiber coating for solid-phase microextraction [43,44], as coating of 24 

magnetic microspheres for magnetic solid-phase extraction [45] or embedded in a polymer monolith for 25 

solid-phase microextraction [46]. 26 

 MOF-polymer composites shaping mixed-matrix membranes have already been explored for the 27 

separation of gases [6]. However, these composite materials have not been exploited as supports for 28 

solid-phase extraction (SPE) yet. The potential advantages of MOF mixed-matrix supports for SPE are: 29 

i) Excellent flow-through properties, enabling SPE applications using MOFs (independently of their 30 

crystal size and shape); ii) Simple automation of the SPE process using flow-based techniques, avoiding 31 

high backpressures, or the clogging of the flow manifold tubing with small particles; iii) Simple 32 

functionalization of the sorbent, just by selecting the appropriate organic linker used in the MOF 33 

synthesis; iv) Simple preparation of sorbents enabling the enrichment of target compounds and 34 

simultaneously the size exclusion in the desorption step of compounds with a larger molecular size than 35 

the pore size of the selected MOF.  36 

 The aim of this work is to explore the use of MOF mixed-matrix disks (MMD) as supports for 37 

SPE prior to chromatographic separation. Using a polyvinylidene fluoride (PVDF) matrix, disks 38 

containing entrapped UiO-66 MOFs (MOF-MMD) have been prepared and characterized. To obtain the 39 

best performance for SPE, the effect of the crystal size and chemical composition of the MOFs on the 40 

extraction of seven substituted phenols has been studied. The SPE process has been automated using the 41 

sequential injection analysis (SIA) technique [47,48], and the extracted phenols have been separated and 42 

quantified by means of HPLC analysis, obtaining an efficient method for the preconcentration and 43 

separation of the selected analytes from groundwater samples. 44 

 45 
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2.  Experimental  46 

2.1.  Chemicals 47 

Acetonitrile (HPLC, ≥99.8%), ethanol (≥99.8%), methanol (≥99.8%), acetone (≥99.8%), isopropanol 48 

(≥99.8%), terephthalic acid (99%), N,N-dimethylformamide (DMF, 99.5%), and HCl (37%) were 49 

obtained from Scharlau (Barcelona, Spain). Benzoic acid (98%), 4-nitrophenol (4-NP, 98%), 2-50 

chlorophenol (2-CP, 98%), 2,4-dinitrophenol (2,4-DNP, 98%), 2-nitrophenol (2-NP, 98%), 2,4-dimethyl 51 

phenol (2,4-DMP, 98%), 4-chloro-3-methyl phenol (4-C-3MP, 98%) and 2,4-dichlorophenol (2,4-DCP, 52 

98%) were obtained from Sigma & Aldrich (St. Louis, USA). Zirconium (IV) chloride (ZrCl4, 98%), was 53 

obtained from ACROS (New Jersey, USA). Polyvinylidene difluoride was purchased from a local 54 

hardware store.  55 

 A stock standard solution of each phenol (2000 mg L−1) was prepared in methanol. An 56 

intermediate solution with a concentration of 20 mg L−1 of each phenol was prepared by diluting the 57 

stock standard solution in water. A standard mixture of phenols (1 mg L−1) was prepared in water. 58 

Working solutions were prepared daily by diluting the intermediate solution in water. All solutions were 59 

prepared using Milli-Q water (Direct-8 purification system, resistivity >18 MΩ cm, Millipore Iberica, 60 

Spain). 61 

 62 

2.2. Instrumentation 63 

The SIA system is based on a bi-directional syringe pump (5000-step automatic burette (model Bu4) 64 

from Crison, Alella, Barcelona, Spain) equipped with a 5-mL glass syringe from Hamilton (Bonaduz, 65 

Switzerland) and a three-way solenoid head valve (SV, N-Research, West Caldwell, NJ). The normally 66 

open port (OFF) of the solenoid valve of the syringe is connected to a carrier reservoir, while the normally 67 



7 
 

closed position (ON) is connected, through a holding coil, to the central port of an eight port multiposition 68 

valve (MPV, Sciware Systems SL, Spain), which is used for the selection of the sample, the eluent, and 69 

to connect to the extraction device. All tubing is polytetrafluoroethylene (PTFE) 0.8 mm i.d., except the 70 

holding coil made of PTFE 1.6 mm i.d. (V= 5 mL).  71 

 The extraction device (Sciware Systems SL, Fig. S1) is a two-piece polymethyl methacrylate 72 

cylinder with an internal cavity to hold the MOF-MMD [49-51]. The prepared disks have a 50 mm 73 

diameter. A smaller piece of 10 mm diameter is cut and placed inside the extraction device. The effective 74 

extraction area, measured using the dye rhodamine B as tracer is 7 mm. The extraction device is 75 

connected to an additional solenoid valve (V5, MTV-3-N1/4UKG, 2 bar maximum nominal pressure, 76 

Takasago, Japan) enabling the collection of the eluate into a vial for further HPLC analysis. The 77 

additional solenoid valve is controlled by the syringe pump module through an additional port. The 78 

syringe pump and the selection valve modules are controlled using the software package AutoAnalysis 79 

5.0 (Sciware Systems SL).  80 

 A Jasco HPLC instrument equipped with a high-pressure pump (PU-4180), a manual injector (20 81 

μL), and a UV–Vis diode array detector (MD-4017) was used for the determination of the selected 82 

analytes. Separation was performed at room temperature on a Phenomenex® Kinetex EVO C18 100A 83 

core-shell column (150 mm × 4.6 mm, i.d. 5 μm) with a guard column (5 mm × 4.6 mm i.d.) from the 84 

same material. The mobile phase consisted of acetonitrile (solvent A) and water (solvent B) adjusted to 85 

pH 2.8 with sulfuric acid. The gradient program was as follows: 0–3 min, 20% solvent A; 15 min, 55% 86 

solvent A; 20 min, 80% solvent A. The mobile phase was used at a flow rate of 1.0 mL min−1. The 87 

detection was performed at 200 nm for 2-CP and 2,4-DMP, at 285 nm for 2-NP, 4-C-3MP and 2,4-DNP, 88 

at 230 nm for 2,4-DCP, and at 302 nm for 4-NP. 89 
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 The morphology and elemental distribution of the prepared materials were analyzed by a scanning 90 

electron microscope (SEM) Hitachi S-3400N, equipped with a Bruker AXS Xflash 4010 energy-91 

dispersive X-ray spectroscopy (EDS) system. Nitrogen adsorption isotherms were measured at 77 K 92 

using a Micromeritics ASAP 2020 physisorption analyzer. All samples were outgassed at 423 K for 6 93 

hours prior to measurement. Data were analyzed using the Brunauer-Emmett-Teller (BET) model to 94 

determine the specific surface area. Powder X-ray diffraction (XRD) data were collected using CuKα 95 

(λ= 1.54056 Å) radiation o a Siemens D5000 diffractometer.  96 

 97 

2.3. Synthesis of UiO-66 and UiO-66-NH2 MOFs 98 

The different UiO-66 MOFs were prepared by adapting procedures reported in the literature [52-54]. Six 99 

UiO-66 samples were prepared with different size and/or functional group of the organic linker using 100 

three different preparation methods (solvothermal, microwave and modulated synthesis):  101 

Synthesis of UiO-66. For the solvothermal synthesis of UiO-66, 0.17 g of terephthalic acid were added 102 

under constant stirring to 0.25 g of ZrCl4 dissolved in 12 mL of dimethylformamide (DMF) in the Teflon 103 

liner of an autoclave. After 5 minutes of additional stirring, the autoclave was placed in an oven for 24 h 104 

at 120 oC. The obtained solid was filtered and washed thoroughly with ethanol and vacuum dried.  105 

Synthesis of UiO-66-NH2. The preparation procedure was analogous to that used for the preparation of 106 

UiO-66, replacing the terephthalic acid linker by 0.19 g of 2-aminoterephthalic acid. 107 

Microwave synthesis of MW-UiO-66. For the microwave synthesis of UiO-66, 0.15 g of ZrCl4 were 108 

dissolved in 40 mL of DMF in the Teflon liner of an autoclave. After 30 min of stirring, 0.12 g of 109 

terephthalic acid were added under constant agitation. Reaction was carried out in a microwave oven 110 
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(Stard D, Milestone) for 2 h at 120 oC. The obtained solid was filtered and washed thoroughly with 111 

ethanol and vacuum dried.  112 

Microwave synthesis of MW-UiO-66-NH2. An analogous procedure to that used for the synthesis of MW-113 

UiO-66 was followed, replacing the terephthalic acid by 0.13 g of 2-aminoterephthalic acid. 114 

Modulated synthesis of NP-UiO-66. For the modulated synthesis of UiO-66, 0.24 g of ZrCl4 were 115 

dissolved in 18 mL of DMF in an autoclave. 0.16 g of terephthalic acid, 1.22 g of benzoic acid and 0.165 116 

mL of HCl were added under constant stirring. After 5 min of additional stirring, the autoclave was 117 

placed in an oven for 48 h at 120 oC. The obtained solid was filtered and washed thoroughly with ethanol 118 

and vacuum dried.  119 

Modulated synthesis of NP-UiO-66-NH2. The preparation procedure was analogous to that used for the 120 

preparation of NP-UiO-66, replacing the terephthalic acid linker by 0.17 g of 2-aminoterephthalic acid. 121 

 122 

2.4. Preparation of MOF-MMDs 123 

The MOF-MMDs were prepared adapting a previously reported method [39]. Dry UiO-66 or UiO-66-124 

NH2 powder was dispersed in 5 mL of acetone (30 mg MOF/mL acetone) by sonicating for 15 min. Then, 125 

1.0 g of a PVDF/DMF solution (7.5 wt. % PVDF) was added to the vial containing the MOF and acetone 126 

suspension and sonicated for another 15 min. Thereafter, the acetone was evaporated under a stream of 127 

pure nitrogen gas, which resulted in a well dispersed and concentrated MOF-PVDF dispersion in DMF. 128 

This final dispersion was casted onto a circular glass Petri Dish (50 mm diameter). After that, solvent 129 

was removed by heating at 70 °C for 1 h and the resulting MOF-MMD was delaminated from the glass 130 

substrate by immersion in methanol. Finally, the films were thoroughly washed with methanol and dried 131 

in air. MOF-MMDs were conditioned with methanol, followed by water, prior to their use as SPE 132 
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sorbents. Blank PVDF membranes were prepared in the absence of MOF following the same procedure. 133 

The thickness of the prepared disks was approximately 0.1 mm, which is an intermediate thickness 134 

between the thickness of other reported MOF mixed-matrix membranes (0.035 mm) [39], and 135 

commercial SPE disks based on polystyrene beads entrapped on a PTFE matrix (0.5 mm) [55]. 136 

 137 

2.5. Samples 138 

In order to study the performance of the developed methodology for real sample analysis, three different 139 

water samples were collected from groundwater reservoirs located in the vicinity of different solid waste 140 

treatment plants from the Island of Majorca, Spain. All samples were used without any dilution before 141 

extraction. The samples were filtered using a nylon membrane filter (0.45 μm, Millipore, Bedford, MA, 142 

USA) before use.  143 

 144 

2.6. Solid-phase extraction procedure 145 

The SIA system used for the application of MOF-MMDs as sorbents for automated SPE is schematically 146 

shown in Fig. 1a. The SIA procedure followed for the SPE of phenols is detailed below.  147 

 Briefly, an appropriate sample volume (typically 1.5 mL) was loaded into the holding coil through 148 

position 2 of the selection valve (SV). The SV was then connected to position 1 and the sample was 149 

pumped through the holder containing the MOF-MMD, followed by a volume of carrier to wash the non-150 

retained analytes in the disk. By using an external solenoid valve placed at the outlet of the homemade 151 

extraction device, the sample matrix was directed to a waste reservoir. Thereafter, the selection valve 152 

was connected to position 3 in order to load an appropriate amount of desorption solvent, and then 153 

connected again to position 1 to pump it through the disk desorbing the analytes and, simultaneously, 154 

excluding larger molecules if present in the sample (Fig. 1b). In this step, the additional solenoid valve 155 
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was turned on enabling the collection of the eluate  in a vial, for the subsequent HPLC analysis of the 156 

extracted analytes. The collected solvent was evaporated under a gentle stream of nitrogen by an off-line 157 

procedure and reconstituted in 50 μL of acetone. Finally, a 20 μL portion of the extract was analyzed by 158 

HPLC. 159 

 160 

3. Results and discussion 161 

3.1. MOF characterization 162 

The six different UiO samples prepared were characterized by powder X-ray diffraction (XRD), scanning 163 

electron microscopy (SEM) and nitrogen physisorption in order to study their structural, morphological 164 

and textural properties. 165 

 The XRD patterns and SEM images of the synthesized samples are shown in Fig. 2. The X-ray 166 

diffractograms of all the UiO-66 (Fig. 2a) and UiO-66-NH2 (Fig. 2e) samples showed good crystallinity 167 

and were in good agreement with the theoretical diffraction pattern of the UiO-66 structure obtained from 168 

crystallographic data reported by Zhao et al. [56], demonstrating that in all cases pure phase UiO MOFs 169 

were obtained.  170 

 The morphology and the average crystallite size were determined using SEM (Figs. 2b to 2d and 171 

2f to 2h). Electronic micrographs show that all the samples, regardless of the preparation method used, 172 

were formed by aggregates of particles with globular shape and different size. Solvothermal synthesis 173 

produced materials with an average size of approximately 300 nm (Figs. 2b and 2f), while in the case of 174 

microwave-assisted synthesis (Fig. 2c and Fig. 2g), smaller particles of approximately 200 nm were 175 

obtained. Nanoparticles, with an approximate size of 90 nm, were obtained using a modulated synthesis 176 
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approach for the termination of the MOF crystal growth at an earlier stage by the addition of benzoic 177 

acid (Fig. 2d and Fig. 2h). 178 

 Nitrogen adsorption isotherms at 77 K are shown in Fig. S2. The obtained BET specific surface 179 

areas decreased in the following order: NP-UiO-66 (1251 m2/g) > NP-UiO-66-NH2 (1238 m2/g) > MW-180 

UiO-66 (1031 m2/g) > MW-UiO-66-NH2 (1028 m2/g) > UiO-66 (938 m2/g) > UiO-66-NH2 (928 m2/g), 181 

being this decrease probably related to the corresponding increase in the particle size.   182 

 183 

3.2. Selection of optimum MOF-MMD for the extraction of phenols 184 

The aim of this study is to select the MOF-MMD with the best extraction performance for the automated 185 

SPE of substituted phenols from waters. As a preliminary experiment, the prepared bulk MOFs were 186 

used as sorbents for the extraction of the dye rhodamine B under batch conditions. 100 mg of each of the 187 

prepared bulk UiOs were added into 100 mL of a 10 mg L-1 rhodamine B aqueous solution. After stirring 188 

for 15 min, the remaining rhodamine B in solution was measured using UV-Vis spectrophotometry. The 189 

trend for the extraction of rhodamine B in batch using the bulk UiOs is shown in Fig. 3a. A remarkable 190 

increase on the extraction of rhodamine B was observed by decreasing the particle size of the UiO. When 191 

UiOs with similar size and different linker are compared, UiOs obtained using the 2-aminoterephthalic 192 

acid as ligand showed a superior extraction performance.  193 

 The prepared UiO MOFs were then entrapped in PVDF matrices, and studied as sorbents for the 194 

automated SPE of seven substituted phenols (4-NP, 2-CP, 2,4-DNP, 2-NP, 2,4-DMP, 4-C-3-MP and 2,4-195 

DCP). The performance for the extraction of phenols (Fig. 3b) improved slightly after SPE using a bare 196 

PVDF disk as sorbent, in comparison with the direct injection of phenols. When SPE was performed 197 

using MOF-MMDs the extraction performance improved considerably. This improvement on the 198 

extraction of phenols is attributed to the existence of - interactions between the aromatic rings of the 199 
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phenols and the aromatic rings of the terephthalic acid linkers in the UiO framework, although the Zr-O 200 

sites present in the UiO MOFs and the amino groups of the organic linker used in the preparation of the 201 

UiO-66-NH2 series could also contribute to the extraction process. The best extraction performance for 202 

all the tested MOFs was obtained by using the MOF with the smallest particle size, and the highest 203 

surface area, and containing amino functional groups. According to this, the NP-UiO-66-NH2 MMD was 204 

selected for the study of the extraction variables and the development of further applications for real 205 

sample analysis. 206 

 Characterization results of the UiO-MMD containing NP-UiO-66-NH2 crystals are shown in Fig. 207 

4. Fig. 4a shows a SEM micrograph of the bare PVDF disk prepared in the absence of MOFs. SEM 208 

micrographs at different magnifications of the MOF-MMD (Fig. 4b and Fig. 4c) show that the NP-UiO-209 

66-NH2 crystals are well integrated with the polymer binder forming a dense packing. The X-ray 210 

diffraction pattern of the UiO-MMD (Fig. 4d) shows intense peaks matching well with those of the bulk 211 

compound (Fig. 2e) and those of the simulated pattern of the bulk material obtained from the 212 

crystallographic data reported by Zhao et al. [56], corroborating that, as also shown by SEM (Fig. 4c), 213 

MOFs crystals remain intact after mixing with the PVDF. EDS spectrum shows an intense Zr band while 214 

no zirconium is detected in the bare disk, demonstrating the presence of this element in the UiO-MMD 215 

(Fig. 4f). In addition, elemental EDS mapping (Fig. 4e) shows the homogeneous distribution of Zr in the 216 

MOF-MMDs. As it can be observed in Fig. 4g, where a detailed cross-section SEM image of the UiO-217 

MMD is shown, the total thickness of the disk is around 100 µm. A higher magnification of the cross-218 

section of the MOF-MMD (Fig. 4h) shows the coexistence of both UiO crystals and the PDVF matrix, 219 

corroborating the good integration of MOF particles into the polymer. 220 

  221 

3.3. Selection of the solvent for analyte desorption from the MOF-MMD  222 
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Different organic solvents were studied in order to obtain the best desorption conditions of the analytes 223 

from the MOF-MMD. Fig. 5 shows the effect of methanol, ethanol, isopropanol, acetonitrile and acetone 224 

on the desorption of the analytes from the NP-UiO-66-NH2-MMD. All solvents tested were appropriated 225 

for the desorption of the different analytes. However, the best desorption performance was obtained using 226 

acetone. Therefore, acetone was selected as desorption solvent for further experiments.  227 

 In order to ensure analyte desorption from the MOF-MMD all desorption solvent mixtures were 228 

prepared containing 0.1 mmol L-1 NaOH, which also prevented the loss of analyte during the solvent 229 

evaporation process. However, the concentration of added NaOH need to be selected carefully in order 230 

to avoid damage of the used stationary phase material in the further chromatographic analysis of the SPE 231 

extract. 232 

 233 

3.4. Study of the extraction parameters 234 

Sample volume, desorption solvent volume, and flow rates for the extraction and desorption steps are 235 

critical parameters for the development of SPE procedures performed by flow-based techniques working 236 

under non-equilibrium conditions.  237 

 Fig. 6a shows the influence of the sample volume on the preconcentration of phenols. Under the 238 

selected experimental conditions, the extracted quantity of all analytes increased while increasing the 239 

sample volume from 0.5 mL to 2.0 mL. Using a sample volume of 2 mL, apparent breakthrough was 240 

observed for 4-NP and 2-NP. A volume of 1.5 mL of sample was subsequently adopted to perform further 241 

experiments, in a compromise between an appropriate sensitivity and a high extraction throughput.  242 

 Fig. 6b shows the effect of the desorption solvent volume on the elution of the extracted phenols 243 

from the MOF-MMD disk. The desorption solvent volume was studied from 0.1 mL to 0.5 mL in order 244 

to minimize solvent consumption in the desorption step, while ensuring the efficient desorption of the 245 
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retained analytes from the SPE support. The performance of the method increased by increasing the 246 

desorption solvent volume up to a volume of 0.3 mL. The use of larger volumes (0.5 mL) did not led to 247 

any further improvement. Therefore a desorption solvent volume of 0.3 mL was selected for further 248 

experiments. 249 

 The effect of the sample extraction flow rate was studied in the range from 0.3 mL min-1 250 

(minimum volume allowed by the syringe pump equipped with a 5 mL syringe) to 1.5 mL min-1. Fig. 6c 251 

shows a slight decrease of analyte extraction at higher flow rates. The increase of the sample flow rate 252 

decreases the contact time between the analytes and the MOF-MMD, decreasing the mass transfer, and 253 

therefore, the extracted quantity of analyte. In a compromise between a high extraction efficiency and a 254 

high extraction throughput, a flow rate for the extraction step of 1 mL min-1 was adopted for further 255 

experiments. Fig. 6d shows the effect of the desorption solvent flow rate on the desorption of the retained 256 

analytes from the MOF-MMD. The effect of the flow rate on the desorption step follows a similar trend 257 

to that of the extraction step. When increasing the desorption solvent flow rate, the contact time between 258 

the desorption solvent and the sorbent with the retained analytes decreases, decreasing as well the action 259 

of the solvent on the desorption process. The effect of the desorption solvent flow rate was studied from 260 

0.3 mL min-1 to 1.5 mL min-1. The highest flow rate that enabled the maximum efficiency on the 261 

desorption step was 0.5 mL min-1, being so adopted for further experiments. 262 

 The effect of the sample pH was also considered due to the ionizable nature of the analytes, as 263 

well as to possible changes on the surface charge of the MOF embedded in the PVDF disk. As shown in 264 

Fig. S3, pH did not have a significant effect on the extracted quantity, when varied from pH= 4 to pH= 265 

8. Two of the studied analytes are acidic phenolic compounds (2,4-DNP, pKa 4.11; 2-NP, pKa 4.89) 266 

while four of them are basic phenols (2,4-DCP, pKa 8.9; 2-CP, pKa 9.26; 4-C-3-MP, pKa 9.71; 2,4-267 

DMP, pKa 10.6). For these analytes, the influence of the pH of the sample in the considered range is 268 
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almost negligible. However, the influence of the pH of the sample is more noticeable for the 4-NP (pKa 269 

7.16), observing a decrease on the extracted quantity of this analyte when the extraction is performed at 270 

pH= 8. Therefore, the sample pH was maintained at pH= 6 for further extraction studies. 271 

 The slight effect of the pH value on phenols extraction indicates that, in the range of pH evaluated, 272 

the adsorption of phenols is not much influenced by the ionic state of the analytes or the net charge of 273 

the MOF surface, suggesting that, as stated before, in spite of electrostatic interactions, the improvement 274 

on the extraction capacity for phenols of the MOF-MMDs is mostly due to the existence of - 275 

interactions between the aromatic rings of the phenols and the aromatic rings of the terephthalic acid 276 

linkers in the UiO framework [31,43]. However, contributions from other kind of interactions, like 277 

hydrogen bonding between the amino groups and the functional groups of some of the phenols and 278 

between the hydroxyl groups of the phenols and the the Zr-O sites of the MOFs, cannot be neglected.  279 

 280 

3.5. Analytical features 281 

The analytical features for the developed SIA method for the extraction of phenols using NP-UiO-66-282 

NH2-MMDs, followed by analyte quantification by HPLC, are summarized in Table 1. The linear 283 

dynamic range comprising all analytes was from 0.5 µg L-1 to 500 µg L-1, with an acceptable linearity 284 

according to the obtained determination coefficients r2 ranging from 0.990 to 0.999. The LOD values 285 

were calculated at a signal-to-noise (S/N) ratio of 3 and ranged from 0.1 µg L-1 to 0.2 µg L-1.  286 

 The relative standard deviations (RSD, n= 6) for different injections using identical experimental 287 

conditions and the same MOF-MMD were examined at two different concentration levels (10 and 100 288 

μg L−1), obtaining RSD ranging from 3.9% to 5.7% in all instances. The inter-day RSD was calculated 289 

from extractions performed at 6 different days using MOF-MMDs from the same batch. In this case, 290 

inter-day RSDs ranged from 4.7% to 5.7%. MOF-MMD batch-to-batch reproducibility was stablished as 291 
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the RSD calculated from extractions performed using three different PVDF-MOF batches. In this case, 292 

the obtained batch-to-batch reproducibilities ranged from 5.2% to 6.4%. The preconcentration factor was 293 

defined as the ratio of the peak area of the measured analytes after extraction using the MOF-MMD, to 294 

the initial concentration of the analytes in the aqueous sample solution. The obtained preconcentration 295 

factors ranged from 12 to 20, under the selected extraction conditions and using a sample volume of 2 296 

mL. The MOF-MMD could be reused at least 40 times without loss of extraction capacity. The extraction 297 

throughput under the selected experimental conditions and using a sample volume of 1.5 mL was 16 h-1. 298 

 299 

3.6. Sample analysis 300 

In order to study the applicability of the developed MOF-MMDs for the SPE of substituted phenols, three 301 

different potentially polluted groundwater samples were analyzed. Groundwater samples came from 302 

water reservoirs located near different solid waste treatment plants. Analyte quantification was performed 303 

using the standard addition method. Samples were spiked with the analytes at three different 304 

concentration levels (1, 2 and 5 μg L−1). Recovery studies were performed by spiking the samples with 305 

a concentration of 5 μg L−1 of each analyte. Analyte recoveries were calculated as the ratio of the 306 

concentration of the analyte measured in the spiked samples and in pure water spiked at the same 307 

concentration level. The obtained results are shown in Table 2. After spiking, the obtained recoveries 308 

ranged from 90% to 98%, for all the samples analyzed. These results confirm the suitability of the MOF-309 

MMDs for real sample analysis.  310 

 Fig. 7 shows an example of HPLC chromatogram of the selected phenols. The direct injection of 311 

a standard containing 5 µg L-1 of each analyte plus 250 µg L-1 of a molecule with a larger molecular size 312 

(thionin dye was used as example) showed how just thionin and 2-CP can be directly detected at this 313 

concentration level. Using the bare PVDF disk, a certain preconcentration degree was attained when 314 
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analyzing the groundwater sample 3, increasing both the peak intensities of the larger and smaller 315 

molecules. In this case, all compounds spiked into the sample where detected except the 2-NP and the 316 

2,4-DMP. Using the MOF-MMD containing NP-UiO-66-NH2 crystals for SPE, all seven analytes are 317 

clearly detected. However, the larger molecule thionin was retained in the MOF-MMD, not being 318 

desorbed during the desorption step under the selected conditions, as shown by the blue color of the 319 

extraction area of the disk after the extraction step. This result confirms the size exclusion capacity of 320 

MOF-MMDs. Note that part of the thionin was transferred in the desorption step using the bare PVDF 321 

disk. 322 

 UiO-66 MOFs were explored previously for the extraction of phenols by fabricating a UiO-66 323 

coated fiber [44]. By using GC with flame ionization detection, a mixture of 6 phenols were determined 324 

in river water samples at the µg L-1 level. The obtained limits of detection ranged from 0.11 to 1.23 µg 325 

L-1. The proposed method using MOF-MMDs for the SPE of phenols have a comparable performance 326 

with the already reported method, with the advantage of the automation of the SPE process. Furthermore, 327 

the size exclusion capacity of the developed SPE support provides additional advantages for chemical 328 

analysis, such as: increased selectivity for small molecule analysis, simplification of the sample matrix 329 

prior to the injection into chromatographic instrumentation, and improved selectivity for chemical 330 

analysis using non-chromatographic techniques. The main drawbacks on the use of MOF-MMDs as 331 

sorbents for SPE are the limited availability of commercially available MOFs, and the generally limited 332 

stability of MOFs in acidic medium. However, many MOFs can be synthesized easily from cheap 333 

commercially available precursors, and are stable to the experimental conditions used in many typical 334 

SPE applications. 335 

 The former advantages, together with their simple and versatile preparation and facile automation, 336 

give MOF-MMDs a plethora of possibilities for analytical sample preparation.  337 
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 338 

4. Conclusions 339 

In this study, the use of metal-organic framework mixed-matrix disks (MOF-MMD) as sorbents for SPE 340 

has been explored for the first time. Different MOFs from the UiO family, with a different size and/or 341 

organic linker, were embedded in PVDF matrices, shaping small disks for SPE. MOF-MMDs showed 342 

excellent flow-through features, enabling the automation of the SPE process using a low-pressure SIA 343 

analyzer. The developed MOF-MMDs showed high performance for the automated SPE of seven 344 

different substituted phenols and the possibility of size exclusion of larger molecules present in the 345 

samples, which is also a characteristic of potential interest in other fields of chemical analysis. A gradual 346 

increase in the extraction performance for phenols was obtained while decreasing the crystal size of the 347 

prepared UiO-66 MOFs. In addition, the incorporation of amino groups in the organic linker of the MOF 348 

favored the further improvement of the extraction process. Multiple possibilities for extraction are 349 

opened by embedding MOFs in polymer matrices, due to the plethora of available MOFs containing 350 

different metals and organic linkers, as well as to their size and shape tunability. Future research using 351 

MOF-MMDs can be directed to the study of the incorporation of other MOFs, the preparation of MOF-352 

MMDs with different morphologies, or the use of MOF-MMDs as precursors for the in situ conversion 353 

of the MOFs to other functional materials, such as metal oxides or layered double hydroxides. 354 
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Table 1. Analytical features for the automated SPE of substituted phenols using the MOF-MMD based on NP-UiO-66-NH2 

crystals. 

 

 

 

 

 

Analyte 

 

 

 

Linear 

range 

(µg L-1) 

 

 

 

Determination 

Coefficient 

(r2) 

 

 

 

 

LOD 

(µg L-1) 

Precision (%)a  

 

 

 

PFd 

Intra-day Inter-day 

50 (µg L-1) 

Batch-to-batch 

reproducibilityc 

50 (µg L-1) 

100 (µg L-1)b 10 (µg L-1)   

4-NP 0.5-500 0.990 
0.2 

4.9 5.3 5.7 5.9 20 

2-CP 0.5-200 0.999 
0.1 

4.6 4.9 5.3 5.7 13 

2,4-DNP 0.5-200 0.996 
0.2 

4.3 4.7 5.4 6.3 12 

2-NP 0.5-100 0.998 
0.1 

3.9 4.1 4.7 6.4 18 

2,4-DMP 0.5-200 0.996 
0.2 

4.5 4.9 5.3 5.2 16 

4-C-3-MP 0.5-200 0.996 
0.2 

4.7 5.2 5.6 5.4 14 

2,4-DCP 0.5-200 0.998 
0.2 

5.1 5.3 5.5 5.9 10 

a Relative standard deviation (n= 6). 
b Spiking level. 
c Batch-to-batch reproducibility was calculated by analysing water samples spiked at 50 µg L-1 using three different MOF-MMDs prepared under the 

same conditions. 
d Preconcentration factor 

 

 

 

 

Table 2. Analysis of phenols from groundwater samples using automated SPE followed by HPLC analysis using the MOF-MMD 

based on NP-UiO-66-NH2 crystals. 

 Sample 1   Sample 2   Sample 3   

Compound Measured 

(µg L-1) 

Founda 

(µg L-1) 

Recovery 

(%) 

Measured 

(µg L-1) 

Found 

(µg L-1) 

Recovery 

(%) 

Measured 

(µg L-1) 

Found 

(µg L-1) 

Recovery 

(%) 

4-NP 1.5 6.3 96 ND 4.7 94 ND 4.8 96 

2-CP 1.2 5.8 92 1.8 6.4 92 ND 4.9 98 

2,4-DNP ND 4.8 96 ND 4.6 92 ND 4.7 94 

2-NP ND 4.9 98 ND 4.7 94 ND 4.6 92 

2,4-DMP 1.4 6.1 94 0.6 5.4 96 ND 4.9 98 

4-C-3-MP 1.5 6.1 94 ND 4.7 94 ND 4.5 90 

2,4-DCP 0.9 5.5 92 2.1 6.8 94 ND 4.6 92 

a Spiking level, 5 µg L-1 of each analyte 
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Figure captions 

Figure 1. Representation of the developed set-up for the implementation of MOF-MMDs for automated 

SPE (a), and the SPE process using MOF-MMDs (b). 

Figure 2. XRD pattern of the synthesized UiO-66 samples (a). SEM images of the prepared UiO-66 (b), 

MW-UiO-66 (c) and NP-UiO-66 (d). XRD pattern of the synthesized UiO-66-NH2 samples (e). SEM 

images of the prepared UiO-66-NH2 (f), MW-UiO-66-NH2 (g) and NP-UiO-66-NH2 (h). 

Figure 3. Amount of rhodamine B extracted in batch mode using the bulk UiO MOFs (Conditions: 

Rhodamine B concentration, 10 mg L-1. Extraction time, 15 min) (a). Extraction performance of the 

automated SPE of phenols using different UiO-based MOF-MMDs (Conditions: 1.5 mL of sample 

solution (pH= 6). Sample flow rate, 1 mL min-1. Analyte concentration, 50 µg L−1. Desorption solvent, 

0.5 mL methanol containing 0.1 mmol L-1 NaOH. Desorption solvent flow rate, 1 mL min-1) (b).  

Figure 4. SEM micrographs of a bare PVDF disk (a) and a NP-UiO-66-NH2-MMD (b, c). XRD patterns 

of a bare PVDF disk and a NP-UiO-66-NH2-MMD (The simulated pattern of the bulk material, obtained 

from the crystallographic data reported by Zhao et al. [56], is shown for the sake of comparison) (d). 

EDS mapping of Zr of the NP-UiO-66-NH2-MMD (e). EDS spectra of the bare PVDF disk and the NP-

UiO-66-NH2-MMD (f). Cross-section SEM micrographs of the NP-UiO-66-NH2-MMD (g, h). 

Figure 5. Desorption solvent selection for the automated SPE of phenols using the NP-UiO-66-NH2-

MMD. Conditions: sample volume, 1.5 mL (pH= 6). Sample flow rate. 1 mL min-1. Analyte 

concentration, 50 µg L−1. Desorption solvent contains 0.1 mmol L-1 NaOH. Desorption solvent flow rate, 

1 mL min-1. 
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Figure 6. Effect of the sample volume (a), desorption solvent volume (b), sample flow rate (c) and 

desorption solvent flow rate (d) on the automated SPE of phenols using the NP-UiO-66-NH2-MMD as 

sorbent. Conditions: sample volume, 1.5 mL (pH= 6). Sample flow rate, 1 mL min-1. Analyte 

concentration, 50 µg L−1. Desorption solvent, 0.3 mL acetone containing 0.1 mmol L-1 NaOH. Desorption 

solvent flow rate, 1 mL min-1. Unless otherwise stated in the graphs.  

Figure 7. HPLC chromatograms of the direct injection of a standard spiked with the analytes and thionin 

(50-fold), a spiked sample (5 µg L-1) with the identical analyte and thionin concentration after automated 

SPE using a bare PVDF disk, and a MOF-MMD containing NP-UiO-66-NH2 crystals. Peaks: Thionin 

(*), 4-NP (1), 2-CP (2), 2,4-DNP (3), 2-NP (4), 2,4-DMP (5), 4-C-3-MP (6), 2,4-DCP (7). 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1. Representation of the developed set-up for the implementation of MOF-MMDs for automated SPE (a), 

and the SPE process using MOF-MMDs (b). 
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Figure 2. XRD pattern of the synthesized UiO-66 samples (a). SEM images of the prepared UiO-66 (b), 

MW-UiO-66 (c) and NP-UiO-66 (d). XRD pattern of the synthesized UiO-66-NH2 samples (e). SEM 

images of the prepared UiO-66-NH2 (f), MW-UiO-66-NH2 (g) and NP-UiO-66-NH2 (h). 
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Figure 3. Amount of rhodamine B extracted in batch mode using the bulk UiO MOFs (Conditions: 

Rhodamine B concentration, 10 mg L-1. Extraction time, 15 min) (a). Extraction performance of the 

automated SPE of phenols using different UiO-based MOF-MMDs (Conditions: 1.5 mL of sample 

solution (pH= 6). Sample flow rate, 1 mL min-1. Analyte concentration, 50 µg L−1. Desorption solvent, 

0.5 mL methanol containing 0.1 mmol L-1 NaOH. Desorption solvent flow rate, 1 mL min-1) (b). 
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Figure 4. SEM micrographs of a bare PVDF disk (a) and a NP-UiO-66-NH2-MMD (b, c). XRD patterns 

of a bare PVDF disk and a NP-UiO-66-NH2-MMD (The simulated pattern of the bulk material, obtained 

from the crystallographic data reported by Zhao et al. [56], is shown for the sake of comparison) (d). 

EDS mapping of Zr of the NP-UiO-66-NH2-MMD (e). EDS spectra of the bare PVDF disk and the NP-

UiO-66-NH2-MMD (f). Cross-section SEM micrographs of the NP-UiO-66-NH2-MMD (g, h). 
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Figure 5. Desorption solvent selection for the automated SPE of phenols using the NP-UiO-66-NH2-

MMD. Conditions: sample volume, 1.5 mL (pH= 6). Sample flow rate. 1 mL min-1. Analyte 

concentration, 50 µg L−1. Desorption solvent contains 0.1 mmol L-1 NaOH. Desorption solvent flow 

rate, 1 mL min-1. 
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Figure 6. Effect of the sample volume (a), desorption solvent volume (b), sample flow rate (c) and 

desorption solvent flow rate (d) on the automated SPE of phenols using the NP-UiO-66-NH2-MMD as 

sorbent. Conditions: sample volume, 1.5 mL (pH= 6). Sample flow rate, 1 mL min-1. Analyte 

concentration, 50 µg L−1. Desorption solvent, 0.3 mL acetone containing 0.1 mmol L-1 NaOH. Desorption 

solvent flow rate, 1 mL min-1. Unless otherwise stated in the graphs.  
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Figure 7. HPLC chromatograms of the direct injection of a standard spiked with the analytes and thionin 

(50-fold), a spiked sample (5 µg L-1) with the identical analyte and thionin concentration after automated 

SPE using a bare PVDF disk, and a MOF-MMD containing NP-UiO-66-NH2 crystals. Peaks: Thionin 

(*), 4-NP (1), 2-CP (2), 2,4-DNP (3), 2-NP (4), 2,4-DMP (5), 4-C-3-MP (6), 2,4-DCP (7). 

 


