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Abstract

Metal-organic frameworks (MOFs) are porous crystalline materials with large surface areas, uniform pore size, and tunable
selectivity. In the last few years, the number of analytical applications of MOFs has been growing constantly. However, the
direct use of as-synthesized MOFs in packed column format is rather limited for analytical separations because of the small
size and non-spherical shape of MOF crystals. In this review, we outline and critically discuss the advantages and limitations
of the different methods described to immobilize MOFs into functional supports for analytical separations, including beads,
monoliths, and fibers. These methods are based on embedding MOF crystals into functional supports, in situ MOF growth,
controlled layer-by-layer MOF growth, or the in situ conversion of immobilized MOF metal oxide precursors. Representative
examples of immobilized MOFs for sample preparation and chromatographic separation are overviewed. We also overview
recent progress on the use of MOFs as precursors to obtain other functional materials such as layered double hydroxides or
porous carbons.

Keywords Metal-organic frameworks - Solid-phase extraction - Sample preparation - Chromatography - Electrophoresis

Introduction

Metal-organic frameworks (MOFs) are a class of porous
coordination polymers made by linking metal ions (or clus-
ters) with organic ligands, creating open crystalline struc-
tures with permanent porosity and high surface areas (Fig. 1)
[1, 2]. Combining different metals and organic linkers, more
than 70,000 different MOFs have been described to date [3].
MOFs were initially applied as materials for gas storage and
separation [4] or as catalysts [5]. More recently, analytical
applications using MOFs have been developed [6]. MOFs
can be applied as sorbents for sample preparation [7-11],
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stationary phases for chromatographic separation [12—16], or
in the design of novel sensors [17]. Advantages of MOFs for
separation applications are attributed to their pore size selec-
tivity and high surface area, the use of functional organic
ligands (including chiral ligands), or their high selectivity
for immobilized metal affinity separations.

Different procedures have been reported for the immobi-
lization of MOFs on different types of supports. A simple
strategy is the mixing of MOF crystals with the separation
support precursors, embedding them in the synthesized
support [18, 19]. Alternatively, the synthesis of the separa-
tion support can be carried out first, followed by the in situ
growth of the desired MOF on the surface of the preformed
support [20, 21]. These strategies enabled the incorpora-
tion of different MOFs into beads [22], fibers [7], or mono-
liths [23]. Another interesting strategy for MOF growth on
surfaces is the stepwise layer-by-layer procedure based on
liquid-phase epitaxy, enabling the growth of MOF thin films
on different substrates with a high control over the thickness
of the prepared coating [24, 25]. In addition, the immobi-
lization of precursor reactive metal oxides followed by the
in situ metal oxide conversion to the desired MOF is an
efficient procedure to obtain dense MOF coatings [26, 27].
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Fig.1 Scheme for the preparation of MOFs. SEM image of a prototypical MOF (ZIF-67, Co(II)-2-methylimidazole). Typical organic linkers
used in the synthesis of prototypical MOFs. Advantages and limitations of MOFs for analytical separations

In the field of chromatography, MOFs were initially
explored as stationary phases for gas chromatography (GC)
by directly packing MOFs in columns [28] or as capillary
coatings [29]. The initial GC applications were followed by
liquid-phase applications using MOFs as sorbents for solid-
phase extraction [30] or as stationary phases for liquid chro-
matography [31, 32]. However, in liquid-phase applications,
MOF performance is rather limited because of the inherent
non-spherical shape and small size of MOF crystals. To
solve this limitation, alternatives such as MOF magnetiza-
tion [33, 34] or MOF immobilization into suitable separation
supports have been developed [35, 36].

This review is focused on the different approaches devel-
oped for MOF immobilization on supports for analytical sep-
arations. The advantages and limitations for each approach
are critically discussed, and recent applications for sample
preparation prior to chromatographic separation and the
design of novel stationary phases for chromatographic sepa-
ration are overviewed (Table 1).

Direct Embedding of Metal-Organic
Frameworks

In the direct embedding method, the selected MOF is dis-
persed in the precursor mixture containing the reagents
required to synthesize the separation support. The dispersed
MOF crystals are entrapped into the scaffold of the syn-
thesized separation support. The advantages of the direct
embedding procedure are:

@ Springer

(i) It can be applied practically to any MOF dispersible
in the precursor reagent mixture.

Several MOFs have been already commercialized.
Therefore, MOF synthesis and characterization skills
are not required.

(i)

However, the MOF direct embedding method has several
limitations:

(1) It requires highly stable MOF dispersions in the pre-
cursor reagents to obtain a homogeneous distribution
of the MOF in the final support.

A large amount of the incorporated MOF crystals
will be buried in the separation support. Therefore, a
considerable amount of the added MOF crystals will
not be active in further separation applications.

It can be a costly preparation procedure depending
on the acquisition cost of the selected MOF or MOF
precursors.

(ii)

(iii)

Polymer Monoliths

MOF direct embedding has been implemented to incorporate
MOFs on macroporous organic polymer monoliths. MOF
crystals are added into the monolith polymerization mixture
containing the monomers, porogens, and the polymeriza-
tion initiator. A critical step before monolith polymerization
is ensuring a stable dispersion of the MOF crystals in the
monolith precursor mixture. Crystals of MOF UiO-66 (Uni-
versitetet 1 Oslo, based on [ZrsO,(OH),] clusters coordinated
with terephthalic acid) were incorporated in a methacrylic
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Table 1 (continued)

References

Sample analysis

Analytical application

Immobilization

Support

MOF

[77]

Open tubular CEC of (1) methylbenzene,

Layer-by-layer

Functionalized silica capillary

MOF-5

styrene and ethylbenzene, small aromatic (2)

acidic and (3) basic compounds

[78]

Open tubular CEC of amine drugs

Layer-by-layer

Functionalized silica capillary

AlaZnCl

and monoamine neurotransmitters

[79]

Metal oxide conversion SPE of endocrine-disrupting phenols. HPLC-

Polymer beads

ZIF-8

UV analysis

[80]

[81]

Water

Polymer monolith Metal oxide conversion SPE of chlorophenols. HPLC-UV analysis
Metal oxide conversion SPME of BTEX. GC-FID analysis

ZIF-8
ZIF-8

Water and leachates

Polymer monolith coating on stainless steel

fiber

[82]

Metal oxide conversion Open tubular CEC of monoamine neurotrans-

Capillary coating

[Zn(s-nip), ],

mitter enantiomers
CEC of PAHs and NSAIDs

[86]
[87]

Embedding

Polymer monolith

ZIF-8-derived carbon

Fruit juices

SPE of phenolic acids. HPLC-UV analysis

MOF conversion

Polymer sponge

ZIF-67-derived LDH

PVDF polyvinylidene fluoride, PAHs polycyclic aromatic hydrocarbons, CLC capillary liquid chromatography, CEC capillary electrochromatography, NSAID nonsteroidal anti-inflammatory

drug, SPME solid-phase microextraction, GC-FID gas chromatography—flame ionization detection, BTEX benzene, toluene, ethylbenzene, and xylenes

(a)
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Fig.2 a Scheme for the preparation of a UiO-66/MAA-EDMA
monolith. b Separation of ethylbenzene and styrene using a
pure organic polymer monolith and a UiO-66/polymer mono-
lith (70.0 mmx4.6 mm i.d.). Mobile phase, hexane; flow rate,
1.0 mL min~"; UV detection, 254 nm. Reproduced from [36] with
permission from The Royal Society of Chemistry

acid (MAA)—ethylene dimethacrylate (EDMA) monolith and
used as stationary phase for liquid chromatography (Fig. 2a)
[36]. The incorporation of the UiO-66 crystals increased
the surface area of the polymer monolith, thereby improv-
ing the separation of small molecules (Fig. 2b). Column
efficiencies for the separation of small aromatic molecules
using a pure organic polymer monolith were in the range
of 2967-8218 plates m~!. Using the same monolith con-
taining UiO-66 crystals achieved up to 28,800 plates m~".
The same procedure was exploited to incorporate the
MOF MIL-101(Cr) (Materials Institute Lavoisier, based
on Cr(IIl) coordinated with terephthalic acid) into a butyl
methacrylate (BMA)-EDMA monolith [35]. MIL-101(Cr)/
polymer monoliths were prepared in capillary format and
used as stationary phase for capillary electrochromatography
(CEC) and capillary liquid chromatography (CLC). MIL-
101(Cr)/polymer monoliths showed an improved separation
performance when compared to capillary packings of MOF
crystals, demonstrating the need to immobilize MOFs into
suitable separation supports.

Open tubular columns for CEC were also prepared by
embedding the MOF CAU-1 (Christian Albrechts Uni-
versity, based on AI(IIT) coordinated with 2-aminotere-
phthalic acid) in a methyl methacrylate—.EDMA monolith
[37]. Less conventional MOFs have been also explored as
stationary phases for CEC, such as the lanthanide MOF
NKU-1 (Nankai University, Eu(IIT) coordinated with

@ Springer
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3,3',5,5'-azobenzene-tetracarboxylic acid) embedded in a
BMA-EDMA polymer monolith [38].

MOF direct embedding applied to liquid chromatog-
raphy was extended to the robust MIL-53(Al) (AL(IID)
coordinated with terephthalic acid), incorporated into a
hexyl methacrylate—.EDMA monolith for the separation
of small aromatic molecules using CLC [39]. This proce-
dure was also explored to incorporate nanoscale MOFs,
as exemplified using nanoparticles of HKUST-1 (Hong
Kong University of Science and Technology, based on
Cu(II) coordinated to trimesic acid) into a glycidyl meth-
acrylate—EDMA monolith [40]. The resulting monolith
prepared in capillary format enabled the separation of
styrene and ethylbenzene, a separation not feasible using
an identical polymer monolith prepared in the absence
of HKUST-1 nanoparticles. MOF/polymer monoliths
were also explored as chiral CLC stationary phase by
embedding the chiral MOF [Zn,(benzene dicarboxylate)
(L-lactic acid)(dmf)] in a monolith based on 4-vinylpyri-
dine-EDMA, enabling the separation of (+)-methyl phenyl
sulfoxide [41].

Direct MOF embedding in polymer monoliths has been
explored to develop novel sample preparation supports,
such as capillary microextraction devices [42]. Different
MOFs were successfully incorporated into BMA-EDMA
monoliths and evaluated for the solid-phase microextrac-
tion (SPME) of penicillin. The developed procedure was
later extended to Al-based MOFs [43, 44]. The embedding
of MOFs in the polymer monolith scaffolds was explored
to protect water-sensitive MOFs and subsequently use
them for microextraction applications [45].

Epoxy and Sol-Gel Coatings

MOF crystals have been directly immobilized using epoxy
resins creating MOF/resin microextraction supports. This
procedure was evaluated to fabricate SPME devices on
stainless steel wires and afforded MOF crystals perma-
nently immobilized into the SPME support after curing the
composite resin. This approach was applied to immobilize
different prototypical MOFs, such as MIL-53(Al) [46], or
UiO-66 [47], enabling the application of MOFs for SPME
prior to GC separation. The gate-opening effect of ZIF-7
(Zn(1I) coordinated with benzimidazole) has been also
explored for the SPME of aldehydes followed by GC-FID
separation [48]. The incorporation of ZIF-7 nanoparticles
on a stainless steel wire was carried out by dispersing the
nanoparticles in a sol-gel solution applied as SPME coat-
ing. Low detection limits, excellent reproducibility, and a
long lifetime for the SPME of five aldehydes in exhaled
breath samples were obtained.

@ Springer

Mixed-Matrix Membranes

MOF crystals were also dispersed into fluorinated polymer/
solvent mixtures, which, after casting and evaporation of
the organic solvent, shaped MOF mixed-matrix membranes
[49]. In this case, MOFs are incorporated into the membrane
by entrapping the MOF crystals between the fibrils of a pre-
formed polymer, usually polyvinylidene fluoride (PVDF),
affording MOF/polymer membranes with up to 67 wt% of
MOF. The scheme for the preparation of MOF/polymer
membranes is shown in Fig. 3. MOF/polymer extraction
disks prepared following this procedure enabled the auto-
mated flow-through SPE of phenols prior to HPLC separa-
tion, with the simultaneous removal of undesired species
from the sample matrix (Fig. 3) [50].

One should also include here the simultaneous syn-
thesis of MOF crystals and the polymer support shaping
metal-organic aerogels, which have been reported as coat-
ings for SPME [51] or as flow-through supports for online
analyte enrichment [52] prior to chromatographic separation.

In Situ Growth

The in situ growth approach relies on the synthesis of the
desired MOF in a preformed separation support. In this case,
the metal and organic precursors are added simultaneously

Polymer

+
Solvent |:> |:>

M:)F © Delaminate
Dispersion Cast & heat
MOF-MMD 2
~——— PVDF disk ¢
—— Direct
1

g : «
: 3 4 |
3| | 5 MOF/polymer SPE disk

)

Retention time, min

Fig.3 Scheme for the preparation of MOF/polymer disks for SPE
applications. HPLC chromatograms of a standard solution con-
taining seven phenols at a concentration of 5 ug L™! and thionin at
250 pg L', Chromatograms correspond to the direct injection of the
standard solution, the same standard after SPE using a bare polymer
membrane (PVDF disk), and a MOF/polymer mixed-matrix disk
(MOF-MMD) based on UiO-66-NH, nanocrystals (90 nm). Peaks:
thionin (*), 4-nitrophenol (1), 2-chlorophenol (2), 2,4-dinitrophenol
(3), 2-nitrophenol (4), 2,4-dimethylphenol (5), 4-chloro-3-methylphe-
nol (6), 2,4-dichlorophenol (7). Reproduced from [50] with permis-
sion from Elsevier
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to grow MOF crystals in the presence of the separation sup-
port. The advantages of in situ MOF growth are:

®
(i)

MOF growth is performed in a single step.

MOF is positioned in the active surface of the sup-
port.

MOF is grown from solution precursors, enabling
MOF growth on porous supports.

(iii)

However, the in situ growth procedure also has several
limitations:

(1) Growth of MOF crystals not attached to the support,
which might require several MOF growth cycles to
obtain a dense MOF coating.

Limited control over the growth of the coating, or
growth of non-homogeneous coatings.

(ii)

Core-Shell Particles

In situ growth has been explored to immobilize MOFs on
commercial stationary phase HPLC packings [53]. Silica-
C18 particles (3 um particle size) were impregnated with a
dimethyl sulfoxide solution containing Cu(II) and trimesic
acid, the precursors of the CuBTC MOF (HKUST-1). After
the mixture was spread and heated to remove the solvent,

(a)

2
5 =4
'g O £ ‘!02mL'mm‘1,u=1.51
s 1.0 E" 12 ﬂ |!
5 0 £ i \ 0.03mL'min"!, a = 1.01
; 05 u llff\ I |\ 0.08 mL'min"1,
& e ® 81 /1 HA [l =134 /
g Ui0-66@Si02 particles e 5 i / /
g e - ] /
s D /om b g 4 — /I / \
HPLC g -
column —‘; 5 0 . i
i " S o |
O. packing High flow rate T '7 T
\ 0 5 10 15 20 25
P Time, min
16 +—— . S— ——
.' 05mL'minT, a=127
> Gy 2 b o2mimint a=137
L 2ot | A
> |
% E ol | 0.08 mL"min"1 /\
3 l Hf‘ | pa=149 0.03 mL'min"T, « = 1.80
I I f', i
v O {1 //\
Low flow rate S e IRYR /
=4 | |\ | \
IR B
/ /
g \_ / \// \
>
>0 J N

Fig.4 a Flow-dependent separation using porous UiO-66@SiO,
core-shell particles packed in an HPLC column. Insets show the
pore size distribution and scanning electron microscopy image of the
UiO0-66@Si0, particles. b Effect of the flow rate on the separation

the silica particles were coated with the desired MOF. After
the MOF/silica beads were packed in column format, an
improved performance for the separation of ethylbenzene
and styrene was obtained in comparison with the pure silica
beads or the direct packing of the MOF crystals. MOF/silica
composites combined the desirable morphology of the silica
beads for column packings with the presence of open metal
sites from the selected MOF, providing additional selectiv-
ity towards the vinyl group of styrene. HKUST-1 was also
in situ confined in the fibrous pores of silica particles for
improved HPLC separation [54], and following a similar
procedure, ZIF-8 was also incorporated into silica particles
with dendritic pore channels [55]. HKUST-1 has been also
grown in situ on spheres-on-sphere silica particles [56].
Spheres-on-sphere silicas are micrometer-sized particles,
which can be packed in column format and contain many
smaller silica particles attached on the surface. The addition
of MOF crystals to this type of silica contributed to increase
their separation selectivity for HPLC applications.

UiO-66 has been also grown in situ on silica particles
[57, 58] and applied as stationary phases for HPLC (Fig. 4)
[59, 60]. In these studies, the unique features of MOFs to
introduce flow-dependent separation selectivity in the sepa-
ration process were explored. The selectivity of the chroma-
tographic separation depended on the flow rate of the mobile
phase, tuning the accessibility of the analytes in the porous

(b)

05mL'min"1, a=1.96

10
Time, min

20

of analytes on the UiO-66@SiO, column. Top: mixture of toluene
(first peak) and anthracene; Bottom: mixture of cumene (first peak)
and ethyl benzene. From [59, 60]—Published by The Royal Society
of Chemistry
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structure of the UiO-66 crystalline shell (Fig. 4a). This type
of core—shell particle enabled the tunable flow-dependent
separation of small aromatics like cumene and ethyl benzene
(Fig. 4b).

Sample Preparation and Capillary
Electrochromatography

Stationary phases for CEC have been prepared by the in situ
growth of MOFs by functionalizing the capillary column
walls with polydopamine, in order to facilitate the immobi-
lization of ZIF-8 [61]. In addition, several studies exploring
MOF in situ growth to fabricate devices for sample prepara-
tion have been reported in the recent years. One of the first
examples reported was the use of the rough surface of etched
stainless steel wires for the in situ hydrothermal growth of
HKUST-1 and the application of the resulting SPME device
to the extraction of gaseous benzene homologues [62]. The
same procedure has been implemented using MIL-88B
(Fe(III) coordinated with terephthalic acid) applied to the
extraction of polychlorinated biphenyls [63]. MOF attach-
ment on silica fibers was carried out by silica functionaliza-
tion with amino groups using 3-(aminopropyl)triethoxysi-
lane, and the subsequent reaction of the amino groups from
the fiber with the aldehyde groups from the organic linker
of ZIF-90 (Zn(II) coordinated with imidazolate-2-carboxyal-
dehyde) [64]. SPME devices have been also fabricated with
less conventional MOFs, such as ytterbium-based MOFs,
affording a high sensitivity for the extraction of polycyclic
aromatic hydrocarbons [65].

Layer-by-Layer MOF Growth

Implementation of MOFs for sample preparation and chro-
matographic separation has also been carried out exploiting
the stepwise layer-by-layer MOF growth [24, 25]. In contrast
to MOF direct embedding or in situ crystal growth, layer-by-
layer growth is based on the coordination of the metal and
organic MOF precursors in solution in a sequential, stepwise
fashion. The main requirement is a functional support with
cation exchange properties on which to immobilize the first
layer of the MOF metallic solution precursor. The excess
of non-immobilized metal precursor is removed by rinsing
the support with a pure organic solvent. In the next step, the
same procedure is repeated by using the selected organic
linker. After the non-retained organic linker is rinsed, the
first MOF coating cycle will be completed. The MOF growth
cycle can be repeated the desired number of times to pre-
cisely control the thickness of the prepared coating.
The advantages of the layer-by-layer MOF growth are:

@ Springer

(i) Precise control over the thickness of the MOF coat-
ing.

(i) Simple solution-based procedure carried out at room
temperature.

(iii) Easily implemented to porous, or intricate structures,
such a porous silica/organic polymer monoliths, just
requires the use of a syringe pump [66, 67].

(iv) MOF grown on flow-through supports can be easily
automated [68].

However, the layer-by-layer MOF growth has also several
limitations, such as:

(i) Itis atime-consuming procedure.

(i) Larger volumes of organic solvents are required in
comparison to other procedures for MOF immobili-
zation.

(iii) Difficult MOF characterization for very thin coatings.

(iv) A limited number of MOFs can be prepared follow-
ing this method, usually limited to MOFs based on
divalent (HKUST-1 or ZIF-8) and trivalent metals
(MIL-100).

The layer-by-layer procedure for MOF growth on a
macroporous polymer monolith is exemplified in Fig. 5a [67,
69]. In this case, a polymer monolith prepared from sty-
rene—divinylbenzene-MAA was used. The incorporation of
MAA provides carboxylic groups to the monolith, enabling
the immobilization of the MOF metallic precursor. A MOF
based on Fe(IIl) and benzene-1,3,5-tricarboxylic acid (BTC)
was grown layer-by-layer on the polymer monolith, result-
ing in a material with a high surface area (389 m? g~!, after
30 MOF growth cycles). In this support, the step-by-step
addition of Fe(III) and BTC shaping a porous coordination
structure showed an enhanced selectivity for the extraction
of phosphopeptides by immobilized metal-ion affinity chro-
matography (IMAC) (Fig. 5b).

The layer-by-layer approach for the growth of Fe(III)
BTC was extended to beads and magnetic nanoparticles.
The applications developed are focused on coating Fe(III)-
BTC on magnetic nanoparticles for the selective capture of
peptides prior to MALDI-TOF-MS analysis [70, 71]. This
procedure was also implemented on carboxyl-functionalized
magnetic silica particles to prepare stationary phases for
HPLC separation [72].

The incorporation of HKUST-1 by layer-by-layer
growth on polymer monoliths was explored by using an
MAA-EDMA capillary monolith (Fig. 6a) [73]. The result-
ing MOF/polymer monolith was applied as stationary phase
for CLC showing a gradual improvement in the analyte sepa-
ration performance by increasing the number of cycles of the
immobilized MOF (Fig. 6b). The same approach was also
implemented to prepare a monolith for SPME, followed by
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Fig.5 a Illustration of the incorporation of additional metallic sites
for IMAC by layer-by-layer growth of the FeBTC MOF on the pore
surface of a polymer monolith. b MALDI-TOF-MS spectra of a
B-casein digest before and after purification with a polymer mono-
lith with different number of MOF growth cycles. Phosphopeptides
are indicated with asterisks and dephosphorylated fragments are indi-
cated with hashes. Reprinted from [67] with permission from Wiley
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Fig.6 a Scheme of the synthesis of the HKUST-1 on a methacrylate-
based monolith. b Reversed-phase chromatograms of benzenediols
using the MOF/polymer monolith prepared layer-by-layer after 0, 2,

direct analysis by real-time mass spectrometry [74]. Other
applications of HKUST-1 layer-by-layer coatings rely on
hydroxyl-functionalized magnetic silica microparticles and
their subsequent application as HPLC stationary phase [72]
or HKUST-1 growth on the internal walls of functionalized-
silica capillaries for open tubular CEC [75, 76].

The immobilization of MOF-5 (Zn(II) coordinated with
terephthalic acid) [77] has been also explored following the
layer-by-layer approach developing capillary coatings for
open-tubular CEC. Chiral MOFs have been also grown layer-
by-layer as exemplified with Zn(II)/N-(4-pyridylmethyl)-
L-alanine-HCI [78], which has been applied as stationary
phases for CEC.

Metal Oxide Conversion

The metal oxide conversion approach is based on two steps:
(1) introduction of a metal oxide containing the metal pre-
cursor of the selected MOF on the separation support and
(ii) in situ conversion of the immobilized metal oxide to
the desired MOF [27]. This approach has been explored to
immobilize ZIFs based on Zn(II) into separation supports.
ZnO can be immobilized as a precursor by in situ growth on
the surface of the support or by direct embedding. After that,
the support containing ZnO is reacted with a solution of the
desired imidazole-based ligand. The action of the imidazole
is dual: etching the ZnO as a result of its basicity and coordi-
nating the etched ZnO growing a porous crystalline coating.

The advantages of MOF growth by metal oxide conver-
sion are:

(b)
5+ , 5
3

Z o d

& (¢)4-LC
=

<

R

7]

(b) 2-LC

(a) 0-LC

Time (min)

4, and 6 cycles of MOF growth. Peaks, 1, p-benzenediol; 2, m-ben-
zenediol; 3, o-benzenediol. Reproduced from [73] with permission
from The Royal Society of Chemistry
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(i) Precise growth of MOFs on the effective area of the
separation support, in just one MOF growth cycle.
(i) Less time consuming than the layer-by-layer proce-
dure.
(iii)) Requires less solvent than the layer-by-layer proce-
dure.

However, the main limitations are:

(i) The limited number of metal oxides which can be
in situ converted to MOFs.

(i) Some metal oxide precursors are not commercially
available.

To date, this approach has been mainly studied using
divalent metal oxides (Zn, Cu). In a first application, ZnO
was coated on SPE polymer beads affording a reactive metal
oxide/polymer core shell precursor. After the resulting beads
were immersed in a solution of 2-methylimidazole, the ZnO
shell was partially converted into a dense coating of the
highly porous ZIF-8 (Fig. 7a) [79]. The hydrophobic nature

Fig.7 Scheme for the prepara-

of the ZIF-8 was evaluated for the SPE in cartridge format of
phenolic pollutants. The overall morphology of the prepared
ZIF-8@Zn0O @polymer beads was not apparently modified
(Fig. 7b). However, images of the cross section of the beads
showed a ZnO/ZIF-8 double shell coating the polymer bead
(Fig. 7c). The prepared material enabled the highly efficient
preconcentration of bisphenol A, 4-fert-octylphenol, and
4-n-nonylphenol from water (Fig. 7d).

This procedure was implemented later in monolith format
[80]. In this case, the ZnO precursor was incorporated into
the polymer monolith by direct embedding of up to 10 wt%
of ZnO nanoparticles. ZnO nanoparticles were added to
the pre-polymerization mixture containing the monomers
(MAA-EDMA), porogens (n-dodecanol/methanol), and the
polymerization initiator (Fig. 8a). The ZnO nanoparticle/
polymer monoliths have the typical globular structure of
methacrylate-based polymer monoliths (Fig. 8b). The reac-
tion of the embedded ZnO nanoparticles with 2-methylimi-
dazole produced a dense coverage of intergrown ZIF-8 in the
macropores of the monolith (Fig. 8c). The ZIF-8/polymer
monoliths showed an improved performance for the SPE

tion of ZIF-§@ZnO @polymer (@) Zn{CH,CO0), Sample
beads (a). Scanning electron —p

microscopy image of a ZIF-8@ NH,

ZnO@polymer bead (b) and a

bead cross section (c). HPLC Polymer bead (PS) ZnOGPS

chromatogram of a tap water
sample containing bisphenol A
(1), 4-tert-octylphenol (2), and
4-n-nonylphenol (3) (100 mL,

1 ug L™ preconcentrated using
a ZIF-8@ZnO @polymer-
packed column (d). Adapted
from [79] with permission from
Wiley
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Fig.8 Preparation of a polymer monolith with embedded ZnO nan-
oparticles (a). Scanning electron microscopy images of a polymer
monolith with 10 wt% of embedded ZnO nanoparticles (b) and the
same monolith after conversion to ZIF-8/polymer monolith by reac-
tion with 2-methylimidazole (c). SPE of chlorophenols using the pre-
pared ZIF-8/polymer monoliths (d) (PM, polymer monolith; NPM,
ZnO nanoparticle/polymer monolith; ZIF-NPM, ZIF/polymer mono-
lith; ZIF-NPM-BUT, ZIF/polymer monolith with rn-butylamine).
Adapted with permission from [80]. Copyright (2017) American
Chemical Society

of chlorophenols owing to the possibility to coat the ZIF-8
crystals with n-butylamine, thereby increasing the hydro-
phobicity of the final SPE monolith (Fig. 8d). The developed
procedure is easily adaptable to other interesting formats for
sample preparation, such as SPME coatings [81].

The in situ conversion approach using ZnO nanoparticles
as nucleating agents was applied to the immobilization of a
homochiral MOF based on Zn(II) and the ligand (S5)-2-(1,8-
naphthalimido)-3-(4-imidazole) propanoate, affording a cap-
illary coating for the CEC separation of monoamine neuro-
transmitters, nitrophenols, and analogues of bisphenols [82].

Strategies for Incorporation of MOF-Derived
Materials into Separation Supports

MOFs are also versatile precursors to obtain different mate-
rials for sample preparation and chromatographic separation.
MOF-derived metal-doped porous carbons are an interest-
ing class of materials obtained from the carbonization of
MOFs in an inert atmosphere. The final properties of the
MOF-derived porous carbons will be defined by the metal

and organic linkers selected to build the precursor MOF.
An interesting example is the carbonization of ZIF-67 [83],
affording porous carbons with embedded magnetic cobalt
nanoparticles, ideal materials for application as sorbents
for magnetic SPE [84, 85]. However, ZIF-67-derived car-
bons have a small surface area compared to ZIF-8 carbons.
ZIF-8-derived carbons are highly porous, but their appli-
cability is quite limited, since they have no magnetic prop-
erties. To implement ZIF-8-derived carbons for separation
applications, these were prepared under different synthetic
conditions affording porous carbons with different particle
size (<20 nm, between 100 and 200 nm, and 1 pum particle
size). ZIF-8-derived carbons are dispersable in mixtures of
methacrylate-based monomers and organic solvents, and
they were incorporated by the direct embedding procedure
in capillary polymer monoliths. The resulting ZIF-8-derived
carbon/polymer monoliths were applied as stationary phases
for CEC (Fig. 9) [86], showing different effects for ZIF-
8-derived carbons with different properties on the separation
of nonsteroidal anti-inflammatory drugs (NSAIDs) (Fig. 9).

Layered double hydroxides (LDHs) also were prepared
from MOF precursors via conversion of precursor ZIF-67
crystals immobilized using a surfactant-assisted dip coating
method on melamine—formaldehyde polymer sponges. The
immobilized ZIF-67 reacted in situ with a Ni(II) solution
to obtain a Ni-Co LDH coating [87]. LDH/sponges fabri-
cated via MOFs were packed in a syringe and used for the
in-syringe SPE of phenolic acids prior to HPLC separation.
Elution was carried out under acidic conditions dissolving
the LDH coating. However, since large LDH/sponges can
be prepared, these are cut into multiple smaller disposable
sponges for extraction.

Conclusions

Different strategies to immobilize MOFs on fibers, beads,
and monoliths have led to novel sample preparation sup-
ports, and stationary phases for analytical separations. The
advantages and limitations of the described methods for
MOF immobilization have been critically discussed with
representative examples including MOF embedding into
functional supports, in situ MOF growth, layer-by-layer
MOF growth, and the immobilization of precursor metal
oxides followed by their in situ conversion to MOFs.
Approximately half of the recent applications based on
MOFs immobilized into analytical separation supports are
based on the development of stationary phases for liquid
chromatography, or capillary electrochromatography, while
the other half are applications related to sample prepara-
tion. MOF-based applications as stationary phases are
mainly developed for exploratory purposes, while sample
preparation applications involve the analysis of real samples
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Fig.9 Scheme for the preparation of ZIF-8-derived carbon (cZIF)/
polymer monoliths (Top). CEC separations of an NSAID standard
mixture using a pure polymer monolith (a), and polymer monoliths
containing 0.5 wt% cZIF with <20 nm particle size (b), 100-200 nm
particle size (c), and 1 um particle size. Conditions: mobile phase,
50:50 (v/v) ACN/5 mM phosphate buffer (pH 2.5); applied voltage,
10 kV. Peaks: thiourea (1), tolmetin (2), ketoprofen (3), and indo-
methacin (4). Reprinted from [86] with permission from Elsevier

and are typically based on highly stable and hydrophobic
MOFs in aqueous medium (ZIFs, MILs, and UiOs). The
most employed immobilization methods to date are the
direct embedding and the in situ growth. However, the layer-
by-layer growth and the in situ conversion of metal oxides
are promising alternatives. The most applied MOFs are the
Ui0-66, HKUST-1, MIL-100, MIL-53, and ZIF-8. This is
attributed to the versatile and simple synthesis procedure
of these MOFs, based on commercial and cheap metal and
organic ligand precursors.

Future developments in the field can be directed towards
the design of novel separation applications with chiral
MOFs, multivariated MOFs simultaneously containing dif-
ferent metals (or organic linkers), the immobilization of
MOF hybrids containing encapsulated metallic nanoparticles

@ Springer

(or biomolecules), or the use of MOFs as precursors towards
other functional materials (LDHs, porous carbons).
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