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1.1 Introduction

In the last few years, much attention has been focused on metal-organic
frameworks (MOFs), a class of coordination polymers, formed by metallic
clusters and organic ligands through coordination bonds. This is due to
their favourable properties such as high surface areas, high porosities, and
tunable pore surfaces.' In addition, they are characterized by adequate
mechanical and thermal stability. Taking into account these properties, it is
not surprising that these materials have been incorporated into an impres-
sive number of applications within different scientific fields, including
analytical chemistry. Nowadays, a lot of studies are performed in which
MOFs play important roles, as they may be considered as green media for
many purposes. Nevertheless, the main focus of most studies is the
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optimization of the properties of MOFs or the increase in their crystallinity
or crystal size in order to elucidate their crystal structure. In this way,
thousands of compounds could be synthesized which often exhibit re-
markable properties, making them interesting materials for diverse fields of
application.*® These compounds are in general assembled from separate
inorganic building units, mostly cations or cationic metal-oxo clusters, and
anionic or neutral organic connectors (linker molecules), most often poly-
carboxylates, imidazolates, or phosphonates. The obtained frameworks are
of particular interest due to their porosity and the ease with which building
units can often be replaced with topological equivalents.® The synthetic
pathway in which these properties are generated has been mostly explored
without limiting boundary conditions. However, there exist several reasons
for which the investigation of “green” synthesis conditions represents a
promising field of research. The main reason is given from a commercial
point of view. MOFs are not yet utilized in real-life applications, because the
use of cheap, renewable, and recyclable starting materials and avoiding
waste while saving energy are considered to be crucial for industrial scale
production.” In turn, this means that large scale applications of MOFs will
be limited by their commercial availability and thus most likely also the
sustainability of the synthesis procedure. From an academic point of view,
such conditions are also of interest since they represent a hardly explored
field of research which also opens up the opportunity to obtain new ma-
terials with remarkable structures and properties.

In addition to green synthesis of MOFs, it is important to utilize these
materials in a sustainable way. In the case of analytical chemistry, it is sig-
nificant to meet as much as possible the criteria of Green Analytical
Chemistry (GAC), which puts into practice the development of methods that
ensure the elimination/minimization of highly toxic chemical reagents (in
particular toxic organic solvents), minimization of effluent and solid waste
discharges, minimization of gas emissions, reduction of analysis time and
steps, and incorporation of automation. Thus, the analytical chemistry
trends are connected with the development of new sorbents and solvents,
analytical methodologies, and technological aspects. Due to their unique
properties, MOFs are considered as green media which can be used in
sample preparation as well as separation. One of the important features of
MOFs that makes them environmentally friendly adsorbents is the possi-
bility of their regeneration and reusability. Depending on the application,
type of used material, and method of regeneration, it is possible to re-use a
MOF a few or even several dozen times, without significant loss in its ad-
sorption capacity. Regeneration of a sorbent results in the reduction of both
cost and energy.

Thus, taking into consideration the rapid expansion of MOF applications
in the analytical chemistry area, it is important to evaluate the existing and
future analytical MOF-based methods according to GAC principles. From
this point of view, eco-friendly MOF-based methods should include features
such as: green design and synthesis of MOFs, evaluation of toxicity issues of
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MOFs, and incorporation of MOFs in GAC methods. This chapter will put
particular emphasis on the efforts made towards greener synthesis of MOFs
and the various routes and methods explored in this regard. In addition,
their incorporation into less-harmful analytical chemistry methods is
discussed.

1.2 Green Synthesis

The term “Green Chemistry” has been clearly defined by the IUPAC® and can
be summarized as “The invention, design, and application of chemical
products and processes to reduce or to eliminate the use and generation of
hazardous substances”. Since this is a rather broad definition, there exist
twelve points which give a more descriptive idea® and which will be briefly
discussed in the context of MOF synthesis herein. Similar discussions re-
lated to inorganic-organic hybrid materials'® and zeolites'' can be found in
the literature. For the purpose of this review, we limited the minimum
crucial parameters for the synthesis of MOFs to the inorganic metal cations
used, the organic linker molecules used, the employed solvents, and the
given synthesis conditions comprising temperature, pressure, and a suitable
reactor (Figure 1.1).
Here are some rules that should be followed:

1. “It is better to prevent production of waste rather than to treat or
clean-up waste after it is formed”. The largest amount of waste for
MOF synthesis is contributed by the solvents used for their synthesis
and purification (or “activation”). Thus reduction of the amount of

solvent and especially replacement with a “‘greener” solvent are highly
desirable.”

Figure 1.1 Crucial parameters for green MOF synthesis.
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2. “Synthetic methods should be designed to maximize the incorpor-

ation of all materials used in the process to the final product”.
Regarding MOFs, this point simply favours high-yield synthesis over
low-yield synthesis and again refers to the amount of utilized solvent.
Any by-product or waste which is formed must be subjected to post-
treatment procedures, thus increasing time and energy consumption.

. “Whenever practicable, synthetic methodologies should be designed

to use and generate substances that possess little or no toxicity to
human health and to the environment”. In the synthesis of MOFs this
can be often taken into account regarding the counterion of the metal
salt employed. This combined with point 1 recommends the use of
hydroxides or oxides as sources of metal ions, because when they
combine with protons generated from the acidic linker molecules,
only water is formed as a by-product. This also means that solvents
which decompose into hazardous products during synthesis should
preferably not be used. The typically employed dimethylformamide
(DMF) is not only a hazardous chemical itself, but is also able to easily
form dimethylamine upon hydrolysis, which also poses challenges in
terms of handling and disposal.'?

. “Chemical methods should be designed to preserve efficacy of func-

tion while reducing toxicity”. Even if a green preparative pathway can
be developed for a certain MOF, the product must still exhibit the
desired properties. The synthesis route might alter the properties of
the products obtained; for example, the presence of structural defects
or the crystal size and shape.

. “The use of auxiliary substances (e.g. solvents, separation agents, etc.)

should be made unnecessary whenever possible and innocuous when
used”. Synthesis without a solvent has hardly been reported;'* mini-
mization of the amount is nevertheless possible, for example, by liquid
assisted grinding.'* Considering the solvent used for purification of a
crude MOF as an auxiliary substance, this means that regarding its
sustainability, sometimes elaborate activation procedures strongly af-
fect the characteristics of the preparation. Moreover, this point can be
once more related to the use of harmless solvents like water.

. “Energy requirements should be recognized for their environmental

and economic impacts and should be minimized. Synthetic methods
should be conducted at ambient temperature and pressure”. The latter
emphasizes especially the risks associated with solvothermal synthesis.
Albeit a considerably safe method in the laboratory, pressurized con-
ditions pose severe challenges on the production of larger amounts of a
material. Since only a very few examples report MOF synthesis at room
temperature, the synthesis under reflux conditions can be considered a
realistic goal. Lowering of the energy consumption can be mostly
achieved by not only synthesis at temperatures which are as low as
possible but also employing alternative methods of energy application
like ultrasound and mechanochemistry.
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7.

10.

11.

12.

“A raw material or feedstock should be renewable rather than de-
pleting wherever technically and economically practicable”. The or-
ganic building units in MOFs are mostly substances used in polymer
chemistry (e.g., phthalates) and thus do not represent a renewable
feedstock. It is therefore highly desirable to use linker molecules that
can be obtained from renewable sources like starch and cellulose.”
Identical conclusions can be drawn for the solvent and thus water and
organic solvents produced from renewable feedstock like ethanol
should be preferably used.

“Unnecessary derivatization (blocking group, protection/deprotection,
temporary modification of physical/chemical processes) should be
avoided whenever possible”. While it is easier to apply this in organic
synthesis, there is also some relevance for MOFs at this point. Since the
organic building units can also be utilized as non-protic reactants, for
example, as esters of carboxylic acids,'® this recommends the use of
simpler protic precursors to avoid additional waste and synthesis steps.
“Catalytic reagents (as selective as possible) are superior to stoichio-
metric reagents”. In a few cases it could be shown that minute amounts
of solvent suffice for the preparation of a MOF. Thus considering the
solvent as a catalyst, such synthetic routes are highly recommended.
“Chemical products should be designed so that at the end of their
function they do not persist in the environment and break down into
innocuous degradation products”. MOFs are not yet used in real-life
applications, which is mainly due to their degradation under working
conditions, especially when used in open systems. Leaching of the
components from the material would clearly inhibit the use of highly
toxic building units like Pb*>" and Cd*>" ions as well as hazardous
organic building units.

“Analytical methods need to be further developed to allow for real
time, in process monitoring and control prior to the formation of
hazardous substances”. Little is known about the side products
formed during MOF synthesis since the preparation is commonly
carried out on a lab scale. In the future, this could become extremely
relevant, especially if potentially hazardous chemicals cannot be
replaced. Such process monitoring can also be employed to
substantially shorten the reaction times which are often set to
12 or 24 hours for practical reasons.

“Substances and the form of a substance used in a chemical process
should be chosen so as to minimize the potential for chemical acci-
dents, including releases, explosions, and fires”. This point will es-
pecially gain relevance for large scale synthesis while it has been
mostly ignored up to now. An example is the typical combination of
DMF with a metal nitrate during the synthesis of MOFs. This adds an
oxidizing substance to a flammable substance, a combination which
is reasonably dangerous and given as a potential risk in all safety data
sheets.
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Taking these considerations into account, the different approaches to-
wards greener synthesis procedures for MOFs are discussed later. At the
beginning, some archetypal MOFs and the most relevant groups of MOFs are
discussed and how their synthesis conditions were adjusted towards sus-
tainability and efficiency. Then, some perspectives on possible develop-
ments are given. The major challenges are typically related to the
replacement of a hazardous organic solvent, mostly DMF, or the develop-
ment of an alternative route starting from solvothermal synthesis con-
ditions. The most obvious approach towards green synthesis and also the
most often reported one is the change of synthetic conditions in order to
fulfil at least some of the points summarized earlier. Such efforts have been
made for several MOFs of interest by replacing potentially hazardous
reactants with “greener” ones."’

1.3 Preparation of MOFs Considering GAC Principles

MOFs are prepared by different methods such as hydrothermal,'®'® sol-

vothermal,?>*" electrochemical,®®** and slow diffusion techniques.>* In
these conventional methods, reactions are carried out for long periods and,
in some cases, high temperatures and energies are needed for the progress
of the reaction, which makes it difficult to control synthesis conditions. Also,
the products synthesized in these methods do not have desirable physico-
chemical properties.

Recently, rapid methods like ultrasound and reverse micelle (RM) meth-
ods have been used, which can facilitate the performance of reactions and
produce MOFs under mild conditions.***® Ultrasound synthesis is a simple,
rapid, low cost, environment-friendly, and safe route which accelerates the
processes. When a liquid is exposed to high-intensity ultrasonic irradiation
(20 kHz-10 MHz), shock waves are formed, which lead to acoustic cavitation
in the medium. In the ultrasound method, different parameters are used to
control various properties of products. Many researchers have investigated
the chemical or physical effects of ultrasonic irradiation on several prop-
erties of MOFs.

A RM method is a simple route for preparation of materials in which RMs
are organized in an organic medium which serve as nanoreactors for the
formation of nanostructures.*”**

A typical RM method for synthesis of MOFs involves the following steps:
(a) a surfactant is dissolved in an organic solvent; (b) an aqueous solution
containing metal and ligand precursors is added to the surfactant solution
to prepare RMs acting as nanoreactors; and (¢) a MOF grows inside the
micelles through the reaction of the metal precursor with ligand.*

In general, although some properties of MOFs produced by either the
ultrasound or RM method such as thermal stability and surface area are
higher than those of MOFs produced by other methods, the properties of the
products are not very ideal for industrial applications.>®*°
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Furthermore, we could not find any report on the use of ultrasound as-
sisted RM method for the synthesis of MOFs; therefore, in the case of using
this novel method (which is the combination of two rapid, cost-effective, and
low-energy methods), the properties of the products are expected to be
considerably enhanced.*"**

1.3.1 Green Design and Synthesis of MOFs

Another case that should be considered about MOFs is the manner of ex-
perimental design for investigating their properties. In previous works, the
effects of synthesis conditions on the properties of MOFs have been in-
vestigated using conventional experimental design methods, which could
increase the number of experiments and ignore the interaction between the
factors.>*** However, using a scientific experimental design does not impose
such limitations, but leads to systematic studies. Therefore, the systematic
study of the process could be as important as selecting a suitable synthesis
method for introducing a new MOF compound.

1.3.1.1 Green Design

As mentioned earlier, control of the impact of the synthesis parameters on
different properties of MOF samples is highly important. In earlier studies,
the effects of several synthesis parameters on the properties of products have
been examined using one-factor-at-a-time (OFAT) design, in which a number
of parameters are assumed to be constant and one factor is varied for op-
timization. The OFAT design not only increases the number of experiments,
but also ignores the interaction between parameters.*> Therefore, the sys-
tematic control of products’ properties is impossible using conventional
designs; for example, the 2“" factorial design can be used to control
products’ properties.>®*” Nevertheless, since a large number of experiments
should be selected in this method, it is highly important to choose an ideal
design that makes the systematic study of products possible and reduces the
number of experiments. The fractional factorial design is one of the sys-
tematic ways through which the number of experiments is reduced and
synthesis parameters are scientifically investigated.>® According to the lit-
erature, no reports have been found on the use of this systematic method for
controlling the properties of MOFs. Regarding the analysis of variance
(ANOVA) results and their generalization to various obtained properties, the
designs obtained using the 2°! factorial could be analysed. Based on the
data obtained from SEM, TGA-DSC, and BET analysis, it seemed that level e
had the best conditions for the synthesis of thorium-based-MOF com-
pounds; so that, at this level, the synthesis parameters (surfactant content,
ultrasound duration, temperature, and ultrasound power) were optimal and
would lead to the synthesis of samples with maximum thermal stability,
uniform morphology, minimum particle size, and maximum surface area.
Moreover, Fourier transform infrared (FTIR) spectra showed that at this
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level (e), all of the Th-MOF bonds were properly formed (Figure 1.2). Also, at
level b, the particles were strictly agglomerated and their sizes were in the
bulk form (Figure 1.3).>®

Furthermore, at this level, according to the FTIR spectrum in
Figure 1.2(b), the Th-O bonds were not formed; since the maximum values
of the ultrasound parameters were used (Table 1.1), it seemed that this
resulted in the destruction of some of the bonds in the final structure.?® In
the present work, destruction of the bonds had a considerable effect on the
thermal behaviour as well as adsorption/desorption behaviours of the
Th-MOF samples so that, at level b, the sample had the minimum thermal
stability (Figure 1.4)*° and surface area (Figure 1.5).>> Moreover, the ad-
sorption/desorption behaviours of sample b were similar to the fourth type
of classical isotherms. On the other hand, at this level, since the surfactant
content had the minimum value compared with the optimal level, it could
have no desirable effect on various properties of sample b. Since ANOVA
confirmed the importance of the interactions between the synthesis para-
meters, it was concluded that, at level b, these interactions would intensify
the effects of the high intensity of the ultrasound parameters (which
caused the destruction of bonds) and the low surfactant content values
(which caused a significant reduction in various properties of the
sample).*®

0/,0UBNIWSURL ],

o QO O o]
3500 3000 2500 2000 1500 1000 500
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Figure 1.2 FTIR spectra of Th-MOF samples synthesized under different ultrasound
assisted RM conditions (a-i). Reproduced from ref. 25 with permission
from Elsevier, Copyright 2018.
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Table 1.1 Randomized complete 2“~* factorial design for TS, SD, and SA experi-
ments of Th-MOF samples synthesized under different conditions of the
ultrasound assisted RM method.

Sample Std Centre A B C D SD TS SA
(level) order Pt (mmol) (min) (°C) (W) REP (nm) (°C) (m’g ")
a 9 1 +1 -1 0 -1 1 217 220 0.42x10°
2 216 219  0.42x10°
b 5 1 -1 +1 +1 +1 1 497 185  0.18x10°
2 496 185  0.18x10°
c 6 1 0 -1 -1 +1 1 64 284  1.71x10°
2 65 284  1.71x10°
d 3 1 +1 0 0 +1 1 123 257  1.10x10°
2 124 257  1.10x10°
e 2 0 0 0 0 0 1 27 354  2.20x10°
2 27 354  2.20x10°
f 8 1 -1 +1 +1 0 1 187 239  0.64x10°
2 186 239  0.64x10°
g 4 1 0 -1 0 0 1 36 321 2.01x10°
2 36 320 2.01x10°
h 7 1 -1 0 0 0 1 77 265  1.61x10°
2 77 266  1.61x10°
i 1 1 0 -1 -1 0 1 40 312.6 1.92x10°
2 41 312.0 1.92x10°

At level g, many of the synthesis parameters were similar to the optimal
conditions; however, due to the shorter duration of irradiation, the particle
size was slightly higher and the thermal stability and surface area were
slightly less than the results obtained at the optimal level (e). Moreover, the
adsorption and desorption behaviours of sample g were similar to those of
the optimal sample (similar to the fifth-type isotherm). At levels i and c,
since the ultrasound duration and temperature had minimum values, the
properties of the Th-MOF samples were slightly reduced compared with
those under the optimal conditions and the isothermal behaviours were
similar to the first-type isotherm, which could be the reason for the
microdistribution of the pores. At level c, besides the low values of the
ultrasound duration and temperature parameters, since the value of
ultrasound power was higher than the optimal value (negative effect due to
the high intensity), this factor caused a slight difference between samples c
and i in terms of the obtained properties. The FTIR spectra in Figure 1.2
showed that the bonds associated with the formation of Th-MOFs were
formed properly in samples i and c. Based on the ANOVA results, the sur-
factant content was selected as an important factor affecting the properties
of Th-MOF samples; therefore, it was expected that selecting its appropriate
amount would lead to the improvement of various properties of the prod-
ucts.***® However, at level h, despite selecting the optimal values for the
ultrasound parameters, since the surfactant content was lower than that at
the optimal level, the thermal stability (Figure 1.4) and surface area
(Figure 1.5) of sample h were reduced. According to the SEM image in
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Figure 1.4 Thermal behaviours of Th-MOF samples synthesized under different
conditions of the ultrasound assisted RM method (a-i). Reproduced
from ref. 25 with permission from Elsevier, Copyright 2018.

Figure 1.3, the particles were partly aggregated together at level h. Compared
with level h, at level d, the surfactant content selected was higher than the
optimal value, causing the surfactant to react with the Th-MOF sample, instead


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

12 Chapter 1

A

nT L sanrases

e weenssusemssgiocerocrarereraas Adsorption  Desorption
= T eeennii F SRR - DI - B -
= 400+ s Bate s v A » I -~ BN
£ ac I < N
v o IR o B
T S004 o I -
a o I p
[=] n I 9 n
- SN e [ ountc St | 1 . oy - I -
< < '
1004 :
o ad T v L v Ld T L T
0.0 0.1 02 0.3 04 os 06 07 08 09 ]

Pressure (P/Po)

Figure 1.5 Adsorption/desorption isotherms of Th-MOF samples synthesized
under different conditions of the ultrasound assisted RM method
(a-i). Reproduced from ref. 25 with permission from Elsevier, Copyright
2018.

of improving the properties of the product. As a result, the morphology of
sample d was in the form of a rod (Figure 1.3) with an average width of 123 nm,
and its thermal stability and surface area were reduced compared to samples e,
g, 1, ¢, and h. TG and DSC analyses showed that, in sample d, the micelle dis-
integration temperature was increased (Figure 1.4), which could indicate the
surfactant self-assembly. Figure 1.3(d) shows the FTIR spectrum of sample d.
According to this spectrum, the frequencies near 1092.91 cm ' for S=0 and
694.24 cm ™! for S-O bonds confirmed the occurrence of the surfactant self-
assembly at level d. At level {, first, the surfactant content was lower than that at
the optimal level (e); second, the values of ultrasound duration and temperature
selected were so high that the Th-O bond (Figure 1.2) was not formed properly
(resulting in the destruction of the bond). Consequently, according to
Figure 1.3, these factors resulted in the formation of belts with an average width
of 187 nm and aggregation of the particles due to the instability caused by the
destruction of the Th-O bond in sample f. Furthermore, according to
Figures 1.4 and 1.5, the thermal stability and surface area of level f were strictly
reduced compared with those of the optimal level. At level a, as level d, selecting
high surfactant content values led to the occurrence of the surfactant self-
assembly.*" However, since the parameters of ultrasound duration and power at
level a selected were at the minimum value compared with those at the optimal
level and also due to the interaction between the factors (ANOVA results), the
thermal stability and surface area of sample a were significantly reduced
compared with those of sample d and the morphology of the product was such
that the particles were agglomerated and their sizes were considerably
increased.

Figure 1.6 shows the XRD patterns of samples a-i under various synthesis
conditions of the ultrasound assisted RM method.”> Based on these
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Figure 1.6 XRD patterns of Th-MOF samples synthesized under different ultra-
sound assisted RM conditions (a-i). Reproduced from ref. 25 with
permission from Elsevier, Copyright 2018.

patterns, at level e, the product had wide peaks related to the formation of
the Th-MOF sample; these peaks indicated that the structure was of nano-
metric dimensions. At level b, the sample had an amorphous structure,
which could be due to the destruction of the bonds caused by the high in-
tensity of the ultrasound parameters as well as the low value of the surfactant
content (compared to the optimal level).*®> For samples a and d, more peaks
can be seen than for samples c, i, e, f, g, and h, indicating the surfactant self-
assembly, which was consistent with the FTIR spectral results. At level f, due
to the high values of ultrasound duration and temperature, some of the
thorium MOF-related XRD patterns were not formed, while at other levels,
the XRD patterns related to the formation of Th-MOF were formed properly,
except that based on the difference between the sizes of crystals, widening of
the peaks was different from each other.

The use of novel organic materials with several acidic compounds re-
quires optimizing the synthesis conditions to identify the effective para-
meters and to investigate them by a number of statistical methods. As a
result, the Taguchi approach is one of the well-known methods for the
design of experiments (DOE).** Simulation is also performed to investigate
the mechanism of Cu-MOF synthesis. The Taguchi method, first developed
by Genichi Taguchi, is an optimization method to minimize the time and
cost of an experiment.*’ This method uses orthogonal arrays to organize
the parameters more effectively and determines the levels of parameter
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change. Since the Taguchi method is classified as a fractional factorial
design method, fewer experiments are needed to achieve similar results
to the complete factorial design.?”**** In the Taguchi method, different
experimental conditions are tested in an orthogonal array with the aim of
reducing experimental errors and process changes, enhancing the process
efficiency and optimizing the set of dominant parameters.*® Signal-to-
noise (S/N) ratio analysis is crucial for finding optimal conditions.
Smaller-is better, larger-is-better, and nominal-is-best S/N ratios are the
three common types of S/N ratios for optimization problems. The S/N ratio
for nominal-is-best characteristics can be expressed according to

eqn (1.1)."
S/N=—-10 x log (2’1: G)Vn) (1.1)

where n represents the number of replicates under the same experimental
conditions and y; is obtained for the target value in each experiment.
Table 1.2 summarizes the details of each experiment. It is worth noting the
number of trials using the Taguchi design. Minitab software was used to
design the test matrix and for analysis of variance (ANOVA).

Table 1.3 summarizes 16 independent experiments designed using
the Taguchi method and the S/N ratio associated with each experiment.
All samples were analysed in terms of BET surface areas calculated. Each
experiment was also repeated twice and used to calculate S/N ratio using
eqn (1.1). By subtracting the maximum S/N ratio from its minimum value
across the four levels, the importance of each control factor can be deter-
mined. The factor that has the least difference in the S/N ratio has a less
significant role in controlling the synthesis process.*®

It can be concluded from Table 1.4 that the effect of the reactant ratio
(extract/CuNO;) is more significant than those of the other factors. The
importance of the control factors can be stated in ascending order: tem-
perature <reactant ratio < feed rate <reaction time.

Figure 1.7 shows the S/N ratio against each of the controlling factors; the
optimal conditions for the synthesis of Cu-MOF were as follows:*” a reactant
ratio (extract/CuNO;) of 2.5, a feed rate of 1 mLmin ', a temperature of
85 °C, and a reaction time of 90 min.*”

Table 1.2 Selected controlling factors and their levels.

Levels
Controlling factors 1 2 3 4
Reactant ratio (extract/CuNO;) 1 1.5 2 2.5
Temperature (°C) 65 75 85 95
Reaction time (min) 65 75 85 95
Feed rate (mL min ) 1 2 3 4
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Table 1.3 The experimental design with computed selectivity and their corres-
ponding S/N ratios.

Controlling factors

Reactant ratio  Reaction = Temperature Feed rate  BET surface S/N

No. (extract/CuNO;) time (min) (°C) (mLmin~") area (m®>g™") ratio
1 1 65 45 1 946 59.51
2 1 75 60 2 302 49.6

3 1 85 75 3 220 46.84
4 1 95 90 4 859 52.88
5 1.5 65 60 3 441 58.67
6 1.5 75 45 4 12.04 54.88
7 1.5 85 90 1 1204 10.75
8 1.5 95 75 2 555 21.61
9 2 65 75 4 1172 61.37
10 2 75 90 3 33 45.34
11 2 85 45 2 1642 30.37
12 2 95 60 1 2416 64.3

13 2.5 65 90 2 2322 67.31
14 2.5 75 75 1 1965 65.86
15 2.5 85 60 4 185 66.44
16 2.5 95 45 3 2100 67.66

Table 1.4 Calculated S/N ratios and the contribution of each controlling factor.

Reactant ratio Temperature Reaction Feed rate
Level (extract/CuNOs) (°C) time (min) (mLmin ")
1 33.66 40.28 32.97 43.66
2 27.75 21.86 33.87 39.03
3 35.93 34.53 37.25 29.14
4 41.24 41.92 34.49 26.75
Delta 13.49 20.06 4.27 16.91

1.3.1.2 Green Synthesis

The ultrasound assisted microwave (UAMw) and microwave (Mw) methods
have advantages such as high-speed production, low cost, and eco-
friendliness and they can be performed at ambient temperature and pres-
sure.*>*® In these methods, compounds with a variety of structures and
different physicochemical properties are synthesized by controlling syn-
thesis conditions.”® The use of such effective methods, compared to other
conventional methods, results in products with some better properties.
However, some other reports mentioned that MOF samples have low specific
surface area and bulk size particles.”>”?

Figure 1.8 shows the XRD patterns of the Ta-MOF samples with high
crystallinity, which are synthesized using the Mw and UAMw methods.”*
Based on the Debye-Scherrer equation, the crystal sizes of both samples are
in the nanometric range;>® however, the sample synthesized by the UAMw
method has smaller crystals due to showing wider peaks (22 nm in the
UAMw method compared to 56 nm in the Mw method). Since the samples
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Figure 1.7 (a) Average S/N ratios and (b) mean at four levels for each parameter.
Reproduced from ref. 37, https://doi.org/10.3389/fchem.2021.722990,
under the terms of the CC BY 4.0 license, https://creativecommons.org/
licenses/by/4.0/.

are synthesized under two different conditions, it is possible that the syn-
thesis parameters would have a great effect on the size of crystals. In both
the Mw and UAMw methods, the corresponding XRD patterns were indexed
to the monoclinic crystal system of the pure complex of C,,H;,N3;0,;Ta with
the space group P21/n and unit cell parameters of a = 12.986 A, b =8.9104 A,
¢=124.942 A, and o= 90.049°.
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Figure 1.8 The XRD patterns of the Ta-MOF samples synthesized by the two differ-
ent methods (Mw and UAMw). Reproduced from ref. 54 with permission
from Springer Nature, Copyright 2018.
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Figure 1.9 The SEM images of the Ta-MOF samples synthesized by the Mw and
UAMw methods. Reproduced from ref. 54 with permission from Springer
Nature, Copyright 2018.

Figure 1.9 shows the SEM images of the Ta-MOF samples synthesized
under optimal conditions of the Mw and UAMw methods.>® Based on the
results, the morphology of the sample synthesized by the Mw method is rod-
shaped with an average diameter of 76 nm; however, using the UAMw
method produces nanoparticles (NPs) with a flower-like morphology. The
sample synthesized by the UAMw method has a more uniform morphology
than that synthesized by the Mw method; accordingly, no evidence of ag-
glomeration and aggregation of particles can be found while using the
UAMw method. However, in the Mw method, the particles are partially ag-
gregated, which can increase the diameter of the Ta-MOF sample.

It is important to exploit and commercialize MOF production methods
that are sustainable, mass-produced, and cost-effective.’®” Therefore, green
synthesis is required to make MOFs by using non-toxic and efficient
materials:*®® for example, using water for the green synthesis of MOFs, be-
cause water is more accessible and vibrant than organic solvents. However,
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the important point here is that most of the water-soluble organic bonds are
weak and cause MOFs to be unstable.®®®" This method may hence not be
suitable for mass production, but the time which is required for the MOF
synthesis, involving metal ion bonding, is significantly shorter than the
other methods. In these methods, the water-solubility issues have been
mitigated mainly by using sodium salts of the organic linkers and by in-
creasing the length of the tubing systems to increase the overall reaction
time.®>"%*

Using the extract of Satureja hortensis, an AI-MOF was synthesized, and
Figure 1.10(a) and (b) presents the TEM images of the AI-MOF with CA and
Na2-CA, respectively, with a spherical shape and high porosity.”> Con-
sidering the surface area as a criterion, the fraction of pores (dark area) to
the total surface in the TEM image was estimated using image analyser
software. As shown in Figure 1.10(c) and (d),** the background is blue and
the pore phase is red and green, with phase percentages of samples S1 and
S2 of 70% and 83%, respectively.®®

Figure 1.11 shows the N, desorption/desorption isotherms of S1 and $2.°°
The difference between the two isotherms indicates the distinct nature of the
two samples in terms of textural properties. There is also a different

Figure 1.10 TEM images of the AI-MOF with CA and Na2-CA such as (a) S1 and
(b) S2, and (c and d) TEM image analysis, respectively. Reproduced from
ref. 65, https://doi.org/10.3389/fchem.2021.784461, under the terms of
the CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.
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Figure 1.11 BET technique of the N, adsorption/desorption isotherms of the (A) S1
and (B) S2 samples. Reproduced from ref. 65, https://doi.org/10.3389/
fchem.2021.784461, under the terms of the CC BY 4.0 license, https://
creativecommons.org/licenses/by/4.0/.

hysteresis cycle depicted in Figure 1.11, ending in sample S1 at p/p,=0.45
and sample S2 at p/p,=0.3. The larger hysteresis cycle of sample S1 is at-
tributed to the presence of guest molecules in the pores.®®®” Figure 1.12
shows the pore size distribution of S1; the average value was 20 nm.®® While
the sample S2 pore size distribution was <20 nm, the average value was
12 nm. The surface areas of the prepared S1 and S2 samples were estimated
using BET analysis (Figure 1.11). As shown, the adsorption isotherms of both
samples are similar to the type III isotherm,®® while the average surface areas
of samples S1 and S2 were 1245.2 m*g ' and 2452.8 m”>g ', respectively.
The high surface areas for the samples can be attributed to the select novel
synthesis route as well as the optimization process. Accordingly, the
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Figure 1.12 The pore size distributions of the (a) S1 and (b) S2 samples with the BJH
method. Reproduced from ref. 65, https://doi.org/10.3389/fchem.2021.
784461, under the terms of the CC BY 4.0 license, https://
creativecommons.org/licenses/by/4.0/.

prepared AI-MOF was accepted as a mesoporous martial as reported by
Moreno et al.®” The decrease in surface area compared to previous reports is
probably due to the presence of organic extract molecules that are not
completely removed by activation. In addition, the molecules of solvent
trapped in the MOF pores reduce the specific surface area. On the other
hand, AI-MOF powders have been agglomerated and the gas penetration
does not occur completely.®®*°
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As an application, AI-MOFs were applied for the treatment of breast cancer
cells and they seem to be more effective against the proliferation of these
cells when compared with herbal extraction.”®

1.4 Properties of MOFs Towards GAC

Throughout the years, MOFs have been recognized for their fascinating
properties, including their large specific surface area, enormous porosity
(up to 90% free volume), low density, and unique structure.”* One of the
unique characteristics of MOFs compared to other porous materials such as
zeolites and carbons is their tunability. By selecting different combinations
of Secondary Building Units (SBUs) and controlling the experimental con-
ditions (pH, concentration, temperature, and time), the pore volume, size,
surface area, and crystallite size of MOFs can be tuned as expected, which
significantly expands their range of applications and improves their effi-
ciency in given applications. In addition, MOFs can be post-synthetically
modified to enhance their properties. By functionalization in the pores or
outer surface with different functional groups, it is possible to use MOFs for
the adsorption of different analytes through H-bonding and hydrophilic-
hydrophobic interactions.”>”? Due to this tunability, more than 80 000 MOFs
have already been characterized.”* In light of their advantageous features,
this class of materials has attracted considerable attention in analytical
chemistry for some time, especially for their use as adsorbents in sampling
and sample preparation steps, and also in chromatography as well as elec-
troanalytical methods.”*”®

It is well known that the adsorption capacity increases with increasing
surface area. This aspect has made MOFs ideal candidates for use in the
adsorption process. Literature data indicate that the surface area of MOFs
could range from 1000 to up to 14600 m”>g~ ' (envisioned value), which is a
significantly greater surface area compared to traditional porous materials
such as carbon and zeolites.”® In 2018, Kaskel and colleagues developed a
new porous MOF known as DUT-60, which was formed by Zn,0°" clusters
and an expanded tritopic ligand, 1,3,5-tris(4’-carboxy[1,1’-biphenyl]-4-yl)-
benzene, in combination with a ditopic linker, 1,4-bis-p-carboxyphenylbuta-
1,3-diene. This MOF has a specific surface area of up to ~7800 m*g ' and a
pore volume of 5.02 cm® g~ ', which is the highest surface area to date.”” The
use of a material with a high specific surface area enables the reduction of
the weight of the sorbent used in relation to other materials with a smaller
specific surface area while maintaining satisfactory adsorption efficiency.”®
The reduction of the sorbent mass allows for the reduction of the amount of
solvents used and the analysis time, which is very beneficial from the GAC
standpoint. Another property that increases the environmental friendliness
of MOFs as adsorbents is the possibility of their regeneration and reuse.
Depending on the type of material used, the application, and the method of
regeneration, it is possible to use sorbents a few or even several dozen times,
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without significant loss in their adsorption capacity.””*® Regeneration of
sorbents allows for the reduction of both cost and energy.

1.4.1 Toxicity Issues of MOFs

Despite such advantageous properties, it should be kept in mind that MOFs
also have some limitations. Due to their low thermal, chemical, and water
stability, some MOFs cannot be used in analytical instrumentation. For ex-
ample, those with low thermal stability cannot be used as stationary phases
in GC, nor can those with low moisture stability be used in aqueous sample
analysis.”>®' However, intensive work is underway to improve these prop-
erties and increase their scope of application in this field.

Due to the great properties of MOFs, their application is increasing every
year. However, it also raises concerns about their impact on the environment
and health. During the production, application, and disposal of MOF ma-
terials, they can be released into the environment.®* It is therefore crucial to
determine the concentration of these compounds in various components of
the environment as well as to assess the short- and long-term effects of such
exposure. An assessment of their environmental safety is particularly im-
portant because, given their structure and physicochemical properties, they
can be potentially toxic.

Most MOFs are thermally and chemically stable (some MOFs even up to
500 °C), so they can accumulate in the body, while in the case of less stable
forms, metal might be released from the MOF and enter the environment.®*®

Ccd**, Fe*", Fe’", Ni*", Zn*", Co>", and Cu®" are the most commonly used
metals in the synthesis of MOFs. In general, most of them are considered to
be the least toxic, while cadmium is among the most toxic heavy metals, even
at very low concentrations.®* Hence, such exposure can have very negative
effects. Moreover, the downsizing of materials to the nanoscale can signifi-
cantly contribute to the harmfulness of MOFs. It has been proven that the
smaller the particle size, the greater the reactivity, which is directly related to
their translocation and toxicity.*>*®

Unfortunately, toxicological data on MOF materials are still rarely reported
in the literature. As a result, the mechanism and origin of MOF toxicity re-
main largely unknown. To date, several studies have been conducted to
determine the toxicity of these materials to different organisms, e.g., bac-
teria, algae, plants, different cell lines, and animals.”"***”~® For instance,
the toxicity and mild photosynthetic inhibitory properties of a copper-based
MOF (MOF-199) to pea plants (Pisum sativum L.) were observed at 100 and
1000 mgL~'.** In another study, meanwhile, MOF-199 was found to be
nontoxic to bacteria (Escherichia coli and Staphylococcus aureus) at low con-
centrations, where complete inhibition of bacterial growth was observed
after exposure to concentrations >900 mg L~ ".°° In the case of studies on the
toxicity of aluminium-based porphyrin MOFs to microalgae, both a re-
duction in the chlorophyll content and an inhibition of algal growth were
also reported.”’ In studies using higher organisms, no toxic effects were
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found in rats after intravenous administration of very high doses (up to
220 mg kg ') of three different MOFs of iron carboxylates.®® Another study
revealed that, unlike the submicron-scale cobalt-based zeolitic imidazolate
framework (ZIF-6), the nanoscale form interfered with the function of the
neuropeptide signalling pathway and impaired learning and memory in
rats.”’ MIL-100(Fe) (at concentrations up to 160 gmL™ ') was also shown to
have a negative effect on normal human liver cell membranes. Aptamer-
templated silver nanoclusters embedded in a zirconium MOF, on the other
hand, showed low cytotoxicity to MCF-7 cells at concentrations ranging from
5 to 50 gmL~'.°? In contrast, an Fe-based MOF, MIL-53(Fe), employed as a
carrier for an anticancer drug, was found to be nontoxic to HepG2 cells.”?

The lack of comprehensive toxicological data as well as large discrepancies
in the reported ones and the rapid development of MOFs pose more chal-
lenges for biosafety assessment. Especially the large variety of metal clusters
and organic ligands, as well as the possibility of functional surface modifi-
cation and significant differences in particle size, makes it very difficult to
predict their toxicity. Therefore, more comprehensive and wide-ranging re-
search is needed to determine all the environmental and health effects as-
sociated with the use of MOFs.

1.5 MOFs as Green Media in Analytical Chemistry

Traditional extraction methods are labour-intensive and consume large
amounts of toxic chlorinated organic solvent and need a large volume of
sample.”® To overcome these disadvantages, miniaturized protocols and
solventless techniques were introduced mainly in the late 1990s. Obviously,
to achieve the same analytical performance as traditional materials in tra-
ditional methods, miniaturized techniques require materials which can
perform extraction or separation very efficiently. That’s because in a mini-
aturized system, the amount of extracting phase (or stationary phase in the
case of chromatography) is very small. As a result, any phase which is desired
to be used in a miniaturized system should have a very high surface area,
which means that it needs to be highly porous. The use of MOFs as novel
sorbent materials in various aspects of analytical chemistry, especially in
sample preparation methods, and as stationary phases in chromatography is
directly related to the GAC approach. As mentioned previously, MOFs are
classified as extremely ordered crystalline metal clusters with high porosity
(>90%) and extremely large specific surface area (up to 7410 m*g~ '), com-
posed of metal oxide clusters and organic linkers.>*>°® The metal ions act
as nodes or centres and the organic linkers act as bridges between them,
forming complex two- or three-dimensional networks. These nodes and
ligands are termed secondary building units (SBUs). The variation of metal
oxides and the appropriate choice of organic linkers allow the pore size,
volume, and functionality to be tailored for designable applications. Also,
the characteristics of MOFs mainly depend on the nature of the selected
inorganic and organic nodes and ligands and their connectivity. The design
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of a MOF implies smart selection of SBUs. Clearly, possible metal-linker
combinations are countless. In fact, the Cambridge Crystallographic Data
Center contains more than 75000 different registered MOF structures.”®
While some scientists consider all MOFs as green adsorbents/catalysts, be-
cause they are recyclable, we believe for a MOF to be categorized as ‘“green”,
it must have one or both of these features: it must contain biocompatible
materials in its structure and/or be synthesized through a green procedure.
Moreover, it may be important to understand what products are released
from its degradation when a MOF enters into the environment. A good ex-
ample of application of a green MOF in analytical chemistry is a solid-phase
microextraction (SPME) fibre coating fabricated based on the MOF CIM-
80(Al),”” which has both the mentioned green aspects. The CIM-80(Al) MOF
was prepared in an aqueous medium and characterized by low cytotoxicity,
while a nitinol support was used a biocompatible material. Ethanol was the
sole solvent used in the entire fabrication process of the fibre and also for
cleaning the coating. Besides, SPME methods are completely solvent-free
and are operated in a single step. Recently, a new subclass of MOFs com-
bining supramolecular chemistry and bioscience has emerged, so-called
biological metal-organic frameworks (bio-MOFs). Bio-MOFs are composed
of biocompatible transition metal ions (e.g., Zn and Fe) coordinated by rigid
or flexible biomolecules with functional groups which can be selected to be
highly specific towards analytes of interest. Bio-MOFs have the advantages of
environmentally friendly designs, low toxicity, biocompatibility, and in-
trinsic capability to drive molecular recognition processes.’®*’

In the following subsections, applications of such green MOFs are ex-
plained in three parts: their applications in sensors, as green sorbents in
extraction processes, and as chromatographic stationary phases. It should be
noted that in some cases a MOF may act just as a solid support for a green
coating such as a deep eutectic solvent (DES).

1.5.1 MOFs as Green Sorbents in Sensors

This section presents some recent progress in the application of MOFs in
the sensing field. A sensor can be regarded as a material or device
which measures a physical or chemical quantity and converts it into an
electrical signal for detection of specific species in a sample at trace levels."”°
Commercial sensors work based on organic-polymeric or inorganic—
semiconductor films that adsorb or react with analyte molecules. This
interaction results in changes in electrical or mechanical properties of these
films, which can then be monitored. For example, a hydrogen gas sensor
works based on the reversible adsorption of H, using a film made of spongy
palladium. Analytical methods that function based on sensors have some
unique advantages such as simple operation, small size, fast response, and
being economical. They are also appropriate for large-scale sample screen-
ing. As a result of these advantages, sensors have found wide application in
medical, environmental, and industrial monitoring; however, at present,
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sensors suffer from some disadvantages like low sensitivity, non-specificity,
low lifetimes, and mechanical instability. Some chemi-resistive sensors,
based on metal oxides, only operate at temperatures above 200 °C, because
they need to promote reaction of surface-bound oxygen species.'”" To
overcome these limitations, many advanced materials have been developed
to construct various robust sensors. Among them, MOFs are especially at-
tractive as novel sensing materials. Again, the large specific surface area of
MOFs improves sensor sensitivity. Moreover, the interaction force and the
structural matching between the analyte and MOF receptors can be ma-
nipulated to have better reversibility and response time to the analyte,
leading to the regeneration and real-time monitoring of the compound of
interest.’®® In order to develop a green MOF sensor, its design should not
only have the two properties mentioned earlier, but it must also have ap-
propriate signal transduction capabilities, and integration of MOFs into
devices by employing thin-film growth techniques should be possible as
well. Sensors based on MOF photoluminescence are the most common, and
because the linkers in their MOFs contain aromatic subunits to be able to
illuminate with blue light, it is not surprising that a very large number of
optical MOF sensors cannot be regarded as green. MOFs and their derived
materials have recently drawn wide attention in electroanalytical chemistry
for preparation of electrochemical sensors, which can be categorized into
amperometric, impedance, electrochemiluminescence, and photoelec-
trochemical sensors. Of them, ZIFs are examples in which zeolites and other
materials are used and can be regarded as green. As an example, in 2009, the
ZIF-8 MOF was employed to synthesize Co;0, NPs,'® and Kleist et al. found
that the template-based method can control the size of the NPs to improve
its electrocatalytic activity. Therefore, they fabricated an amperometric
sensor for glucose using these NPs. At present, most sensors based on MOFs
and their derived materials cannot be regarded as green because of the
presence of aromatic rings in their structure. Interferences and other re-
strictions of using these MOF-based sensors can be found in a com-
prehensive review paper published recently.'*

1.5.2 MOFs as Green Sorbents in Extraction Processes

While many companies in the world which are involved in sample prepar-
ation offer a wide range of commercial materials as sorbents, recent revo-
lution in chemical analysis due to miniaturization has made the need for
more selective materials and the requirement of higher capacity for analyte
adsorption in complicated matrices more pressing. As a result, the devel-
opment of robust and highly efficient sorbents, greener if possible, for SPE is
indispensable.'** Therefore, recent trends focus their efforts on the devel-
opment of MOFs and similar materials as novel extractants to satisfy modern
analytical applications. It should be emphasized again that their high po-
rosity and huge surface area make MOFs very interesting adsorbents. Besides,
they have outstanding properties such as tunability and the possibility of
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designing highly specific materials by reticular chemistry. On the other
hand, despite the clear advantages of SPE, it is still far from a green tech-
nique, because of the consumption of organic solvents. Miniaturized ver-
sions of SPE (mSPE) imply the use of sorbent amounts between 2 and
500 mg, which not only reduces the amount of required sample for analysis,
but also ensures less consumption of organic solvents during elution. This
greener mSPE mode is particularly useful in dispersive mode because it
allows an efficient transfer of analytes to the sorbent material in a short time
during microextraction. The dispersion of the sorbent can be performed by
ultrasound, simple stirring, vortex, and so on. Sometimes simple devices
containing sorbents can be used; in these devices, the sorbent can be
properly dispersed into the sample solution to attain high sample-sorbent
contact. For example, a pipette tip micro-solid-phase extraction (PT-uSPE)
setup is used in which a fewmg of (MOF) sorbent is placed between two
filters, and as the sample solution passes through it, the sorbent is dispersed
in it. Another simple device involves application of a magnet when in-
corporating magnetic materials as sorbents, in the so-called magnetic (and
dispersive) based mSPE mode. In this approach, the magnetic material
containing the extracted analytes can be separated from the sample by ap-
plication of an external magnetic field. While improvements in dispersive
mSPE strategies are in progress, the search for novel materials is also in
progress, not only for enhancement of sample preparation techniques, but
also for achieving green analytical goals. These novel sorbents should have
acceptable chemical and mechanical stability under extraction conditions,
be reusable, have the ability to interact with analytes through different
mechanisms such as absorption and adsorption, have fast kinetics, have
high dispersion capacity in liquid samples, and have large specific surface
area. In recent decades, many efforts have been made for the preparation
and development of selective and robust new coating materials as extraction
media for these techniques, including mesoporous silica, carbon nanoma-
terials, metal and metal oxide NPs, molecularly-imprinted polymers,'®
sputtered silicone,'*® and, more recently, MOFs."”” Among them, MOFs
seem to have all of these characteristics. Moreover, MOFs are characterized
by their easy synthesis.'® These features make MOFs excellent candidates
for both SPE and as chromatographic stationary phases, where a highly se-
lective medium with high surface area and solvent and thermal stability
under harsh conditions (e.g., extreme pHs) is required. They have uniform
structured nanoscale cavities, uniform pore topologies, and high adsorption
affinity. Moreover, their structure can be easily tuned for specific appli-
cations. For extraction processes, MOFs can be utilized in various modes of
SPE such as SPE itself as an exhaustive extraction technique, or miniaturized
modes of SPE such as SPME, SBSE, and puSPE (including batch, dispersive,
spin-column, PT-uSPE, and microcolumn'®®) (Figure 1.13). To obtain robust
MOF-based coatings on SPME or SBSE fibres, adhesion of the coating to the
fibre surface is required. For SPME, normally metallic fibres are etched with
acids and then they are immersed in MOF precursor solution under suitable
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temperature, time, and pressure conditions. As can be seen, this protocol
can be regarded as an environmentally friendly procedure since no harmful
reagents are utilized during preparation. However, due to the weak binding
between the fibre and MOF coating, it is restricted to headspace SPME an-
alysis. To date, MOF-based fibres in direct immersion SPME applications
show low reusability unless they are included in non-green complex com-
posites, with the MOF not being the unique sorbent material of the coating.
One alternative green method is using chemical vapour deposition of MOFs
on both fibres and stir bars. Chemical vapour deposition has already been
utilized in one of our previous studies,"® resulting in thin, homogeneous,
crystalline, and porous coatings. No solvents are needed for preparation of
these extracting SBSE and SPME fibres; however, due to the cylindrical shape
of the supports, it is hard to deposit a uniform coating on them, which has a
drawback mainly in terms of the repeatability of the method. The chemical
vapour deposition method has been demonstrated for the deposition of
different MOFs, such as ZIF-8 and ZIF-67, isoreticular microporous 3D-MOFs
based on Zn(u) or Co(u) ions connected with 2-methylimidazolate linkers.""
Full information about recent progress in application of MOF-derived ma-
terials to sample pretreatment can be accessed through ref. 111.

1.5.3 MOFs as Green Media in Chromatography

Trace analysis of analytes in complicated matrices needs not only appro-
priate sample preparation techniques, but also powerful separation meth-
ods. On the other hand, all chromatographic techniques, which are the most
important separation techniques, need a stationary phase (SP). The SP has
great significance to the power of separation, and so has been under de-
velopment continuously. MOFs as an important class of hybrid porous
materials have received considerable attention in this regard, because of
their high selectivity due to the combination of molecular sieving and ad-
sorption effects. While many attempts were made in recent years to apply
MOFs as stationary phases for chromatography,''*''? it is proved that direct
application of MOFs in liquid chromatography columns does not have en-
ough efficiency due to the inhomogeneous packing of crystals with irregular
shapes. Another limitation in using MOFs is the high back pressure required
for the mobile phase to flow through these adsorbents; therefore, special
MOFs in the presence of silica particles were synthesized, with silica as a
core and MOF crystals as a shell for it."** The aforementioned limitation is
less serious in applications of MOFs in gas chromatography as stationary
phases in both packed and coated capillary columns, but the number of
MOF materials explored in these applications is limited. As a result of the
limited use of MOFs for chromatographic and electrophoretic applications,
it is hard to talk about ‘“green” MOFs available in this regard. One good
example is MIL-53(Al), which is a widely studied MOF for HPLC.'" It ex-
hibits a nanoporous flexible framework constructed with infinite chains of
corner-sharing AlO,(OH), octahedra, connected with 4 BDC linkers,
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resulting in 85 nm large 1D rhombic-shaped pores. MIL-53(Al) was syn-
thesized using recycled waste PET bottles according to the principles of
green chemistry and applied for HPLC separation."'® Particles with sizes
from 5 to 10 um were obtained and packed into the columns (100 and
150 mmx4.6 mm i.d.). For all the investigated mixtures the authors reported
the optimum conditions and evaluation parameters for separation in detail.
For example, a mixture of seven alkyl benzenes was baseline separated on a
100 mmx4.6 mm i.d. column packed with the obtained material. It was
calculated that the column had more than 62000 plates per meter. The
green-synthesized MIL-53 was also used for separation of a mixture of
acetone, acetophenone, and butyrophenone. In this case, 14.3k plates per m
was obtained. The column itself showed a good equilibrium between run-
time and resolution as well as low peak tailing. Table 1.5 shows the most
significant applications of MOFs in chromatography.'*

1.5.4 MOFs in Electrophoretic Separations

In 1937, a method for electrophoresis on moving boundaries was developed,
and after about 30 years, a capillary electrophoresis (CE) method using 3 mm
rotating capillaries was presented. In 1981, high-voltage CE separations in
75 m capillaries were demonstrated for the first time. In the subsequent
years, this powerful analytical technique developed significantly not only in
terms of instrumentation, but also in terms of methodology and data pro-
cessing.''” Nowadays, CE is one of the main separation techniques in which
narrow tubular capillaries are used as separation channels for efficient (large
and small) molecule separation. Variability in the electrophoretic mobility of
solutes provides the basis for separation in electroosmotic flow (EOF) of
solution under a high voltage. Due to its high separation efficiency, CE is a
technique that is used in many fields; and it is considered to be environ-
mentally friendly compared to other separation techniques due to the con-
sumption of a small amount of organic solvent and the generation of little
residues. In addition, CE is well suited to miniaturization due to the sim-
plicity of the instrument design and therefore is still the most common
separation technique applied in microfluidic applications."*®

Nanomaterials have played a very important role in the development of
separation techniques in recent years and examples of their use can be seen
in many fields which include medicine, biology, and environmental re-
search. Particularly important is their high surface area-to-volume ratio in
relation to separation techniques in order to achieve favourable mass
transfer.'"® In CE, nanomaterials have the potential to be added to the
background electrolyte (BGE) working as pseudo-stationary phases (PSPs) or
they can be physically adsorbed or covalently bonded with the capillary wall
which results in an additional semi-permanent or permanent internal
coating."™ NPs have been used in capillary and chip-based electrophoresis
for better separation performance. The requirements for nanoparticles to be
used in CE are shown in Figure 1.14.
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Figure 1.14 Basic requirements for nanoparticles to be used in CE (based on
ref. 120).

A number of NPs are used in CE, such as gold nanoparticles (AuNPs), silica
nanoparticles (SNPs), carbon nanomaterials, magnetic nanoparticles
(MNPs), and MOF nanoparticles (MOF NPs).'*! Currently, MOFs are gaining
popularity as a research topic in CE applications."* In comparison to carbon
nanotubes or graphene, MOFs can be used directly as surfactant-free addi-
tives, even under conditions of high ionic strength or in the presence of an
electric field."”" One of the most widely used and well-known MOFs is MIL-
101, due to its high mechanical stability and chemical resistibility at pH 0-12
and over a wide range of solvent conditions for two months.'*®> An example
of the use of the MOF MIL-101 (nMIL-101) as a PSP in CE was its application
to the separation of structurally similar anthraquinones. In the experiments
conducted, five anthraquinones were separated quickly (8 min) and with
high efficiency, with LOD values in the range of 24-57 pgL~". In addition,
the method showed good potential for the analysis of anthraquinones in
water samples.'**
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The CE technique is extensively used in the separation of amino acids, and
MOFs have also been used in such procedures. An example is the use of ZIF-8
nanocrystals as a stationary phase for CE separation of proteins, which
proved to be a cheap, efficient, and environmentally friendly solution.
A capillary coated with ZIF-8 nanocrystals, which was characterized by good
reproducibility and stability, was successfully used for the separation of
p- and r-phenylalanine.'*

In another study, an attempt was made to synthesize a Mn(cam)(bpy)
(where cam: (1R,3S)-(++)-camphoric acid, bpy: 4,4’-dipyridyl) MOF for use as a
stationary phase to modify a capillary column, which was then applied for
the determination of ten types of sulphonamides. The open-tube capillary
column produced showed good separation capability, stability, and
reproducibility.'?®

1.5.5 MOFs as Sensors

Compared to conventional inorganic and organic luminescent sensors,
MOF-based sensors have numerous advantages (see Figure 1.15)."*

Permanentporosity

4 The possibility of reversible uptake and
/ release of certain sensory substrates

Tuneable pore sizes for selective
4 recognition of small molecules and ions

Ability to generate a variety of

/ interactions with small molecules or
! ions due to the presence of Lewis

basel/acid free and open metallic sites

/ Effective sensory material
/ Can be regenerated and repeatedly

utilized

Figure 1.15 Advantages of MOFs used as luminescent sensors.
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Luminescent MOFs, most of which are lanthanide-based, have been used
to sense cations, anions, small molecules, and explosives.'*® Luminescent
MOFs have been also successfully applied for sensing of important targets
such as gases and vapours.'?’

MOF-based sensing of Cu®", Fe’*, Co®>", Ag*, zn*", and Mg*>" was
achieved through the use of interactions, which include:

e metal-ligand coordination interaction (weak binding of the metal to the
ligand);

e metal-ligand coordination interaction (weak binding of metal ions to
heteroatoms (N or O) in ligands); and

e intramolecular energy transfer from the ligand to metal ion."**"'%?

The sensing of ions such as Ca>*, Cu®", and Co®", on the other hand, is
based on cation exchange between the target metal ions and non-ramified
cations in MOFs."*%1%°

The effect of different cations on the fluorescence spectrum of MOFs has
also been extensively described.'”*'*® Unusual examples of the use of
Ln-Mn, Ln-Fe, and Ln-Ag hetero-MOFs for metal ion recognition and de-
tection were investigated, where a significant increase in fluorescence was
observed upon addition of Zn>*, while the introduction of other metal ions
such as Mn*", Ca**, Mg*>*, Fe®", Co>", and Ni** did not change the lumi-
nescence intensity but rather decreased it."*”"**° Lanthanide MOFs have also
been shown to be highly sensitive and selective in detecting Cu®>" in aqueous
solution and simulated physiological aqueous solution."*° In environmental
and biological systems many inorganic anions (F~, Cl~, Br—, SO,>, etc.) play
a crucial role; thus the detection of anions using MOFs is also the subject of
many interesting studies."***?

Further examples of the use of MOFs are related to the sensing and de-
tection of small molecules. The two-dimensional porous framework
CueLe-(H,0)(DMSO) (where HL=5,6-diphenyl-1,2,4-triazine-3-thiol) was
used, which showed highly selective absorption for aromatic molecules in
water.'*® Other examples of MOFs are related to recognition and sensing of
acetone'*” and nitroaromatic explosives in ethanol solution."** However, a
family of MOFs with 4,40-oxybis(benzoate) (OBA) ligands and suitable cat-
ionic species for recognition of small solvent molecules have been used."*?
Given that many different organic ligands can be assembled into nanoscale
MOFs to match their competitive uptake with different analytes, an ap-
proach for the detection of small molecules is provided by this strategy that
is very promising.

The specific properties of MOFs have also made them useful for sensing
gases and vapours. In particular, chemical sensors for the rapid detection
of explosives in the gas phase are extremely popular due to their
homeland security, environmental monitoring, and humanitarian aid
applications. An Yb®"-encapsulating MOF is an example of luminescent
MOFs for sensing oxygen.'** A very interesting example of luminescent
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MOFs with fast response time and fast reversible behaviour for the
detection of ethanol vapour molecules is ITQMOF-1-Eu with 4,40-(hexa-
fluoroisopropylidene)bis(benzoic acid) as a ligand.'** For chemical sensors
for the rapid detection of explosives, an example of research could be the use
of the MOF Zn,(bpdc),(bpee) (where bpdc=4,40-biphenyldicarboxylate;
bpee =1,2-bipyridylethene) for detection of both DNT and DMNB (2,3-
dimethyl-2,3-dinitrobutane) with rapid response and high sensitivity."*°
MOFs can also be used to detect the pH value, temperature, and ionizing
radiation."*®

1.5.5.1 Electroluminescent and Optical Sensors

The luminescence properties of MOFs represent a very interesting area of
research for sensing purposes. The luminescence properties of MOFs are
very sensitive to and depend on their structural features, the coordination
environments of metal ions, and the nature of the pore surface as well as
their interactions with guest species via coordination and hydrogen bonds,
n-n interactions, and electron and energy transfer processes.'”” Lumi-
nescent MOFs have so far been used in research on: the fundamental syn-
thesis itself and determination of their luminescent properties; the creation
of MOFs with tunable luminescence, which have subsequently been used in
light-emitting devices and displays; the application of luminescent MOFs to
explore the local environment, structure, and guest species; and the devel-
opment of multifunctional MOFs combining luminescence, magnetic
properties, and biocompatibility essential for biomedical purposes.'*® Lu-
minescent MOFs have also been investigated for their potential applications
in fluorescence sensing, nonlinear optics, and photocatalysis.

An example of MOF application can be found in research where a method
for luminescence tuning by modifying the concentration of lanthanide ions
is discussed.'”” Another example where the luminescence colour can be
easily tuned from green to green-yellow, yellow, orange, and red-orange is
the use of a terbium 1,3,5-benzenetricarboxylate MOF doped with Eu®"
ions.'*® Replacement and modification of guest species may also result in
significant changes in the luminescence spectrum of MOFs.'*

1.5.5.2 Electrochemical Sensors

Due to the insulating nature of the organic ligand and the relatively low
stability in aqueous solution, MOFs are regarded as poor electrical con-
ductors. However, thanks to the intensive development of nanoscience, it
has been possible to introduce methodological solutions to overcome these
limitations. One of the most commonly applied methods is to integrate
MOFs with a variety of highly conductive and mechanically durable ma-
terials. With flexible porous structures, large surface areas, and various sizes,
MOFs have been successfully combined with diverse materials, e.g., carbon
materials, noble metal nanoparticles, metal/metallic oxide nanoparticles,
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conductive polymers, and quantum dots, thus extending their application
for target analysis.'*® According to a literature review, MOF-based electro-
chemical sensors have been widely applied in various research fields such as
medicine, public health, energy control, and environmental pollutant de-
tection to monitor different compounds such as anions, heavy metal ions,
organic compounds, and gases, as well as large molecules, proteins, bio-
markers, DNA, etc.'>"'>* Due to their outstanding conductivity, low cost,
large specific surface areas, tensile strength, and chemical stability, carbon
materials are particularly highly preferred over other species. Activated car-
bon, carbon nanotubes, carbon nanofibres, graphene, graphene oxide and
reduced graphene oxide, graphene nanosheets, and graphene and carbon
aerogels and hydrogels have all been successfully used as MOF modi-
fiers.'>>'>%15% For example, an Fe-based MOF doped into carbon nanofibres
was used for the detection of tetracycline. Upon optimization, this electro-
chemical sensor exhibited a linear range of 0.1-105 nM tetracycline with an
LOD of 0.01 nM."*> Meanwhile, by integrating UiO-66-NH, with a graphene
aerogel, the detection of multiple heavy metal ions (Cd*", Pb*>*, Cu®", and
Hg>") in water, soil, and vegetable samples was possible.'>® Moreover,
Ce/UiO-66@MWCNT as a conductive component in an electrochemical bio-
sensor was used for organophosphate pesticide detection.'>” Additionally, by
immobilization of porous biomass carbon onto the surfaces of MOFs via a
hydrothermal reaction process, it was possible to obtain an electrochemical
sensor that had wide linear ranges and low LODs for the determination of
dopamine, acetaminophen, and xanthine in human serum."® In addition to
those mentioned, reports on the integration of MOFs with acetylene black,
platelet ordered mesoporous carbon,™® graphene oxide nanoribbons,"® and
carbon nanohorns'®" have also been published. The areas of other modifier
groups’ applications will be discussed in detail in later chapters.

Despite the tremendous progress achieved in recent years for electro-
chemical applications of various nanomaterials and MOFs, several issues
and challenges remain in this field. However, electroanalytical methods are
quite efficient, fast, very simple, and reproducible; thus they are compatible
with the concept of GAC. Therefore, it is expected that in the future many
researchers from various scientific disciplines will pay close attention to
research on MOF electrochemical sensors and their applications.

1.6 Concluding Remarks

MOFs are recognized as green sorbent materials in analytical chemistry due
to their unique properties such as the highest known surface areas, mech-
anical and thermal stability, selectivity, and reusability. As the application of
MOFs can easily meet the principles of GAC, analytical chemistry has
benefited a lot from the potential of MOF applications. MOFs have proven
successful as sorbent materials in extraction/microextraction processes, as
sensors, and as stationary or pseudo-stationary phases in chromatographic
systems. They can be designed to selectively extract any type of analyte from
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aqueous media. However, considering the GAC principles, assurance of MOF
sustainability must begin with MOF design, followed by an adequate syn-
thetic methodology and toxicity evaluation of the resulting material, re-
sulting in an analytical methodology that can be categorized as a GAC
procedure. Moreover, use of MOFs as adsorbents is faced with challenges:
for example, they are expensive and require additional and time-consuming
steps such as centrifugation and filtration for their recovery. Techniques
such as PT-uSPE and combination of MOFs with magnetic NPs offered
higher extraction efficiency and easy magnetic recovery. MOFs hold potential
for extraction of micro-organisms. Also, more efforts are necessary to better
design low priced MOFs which can be applied on a large scale, for example
in preparative applications. It is also of importance to do more research on
the long-term toxicity of these materials, especially for their long-term use.
Taking all of these into consideration, a significant collaboration between
materials science and analytical chemistry, with an emphasis on green
chemistry, should be encouraged and strengthened.
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