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Chapter 1

General Introduction

1.1 Background of metal-organic frameworks

Metal-organic frameworks, namely MOFs, have received remarkable attention in
recent years. These crystalline materials are composed of transition metal ions or
clusters and organic unites, which are linked by coordinate bonds and can also be named
coordination polymers (21, Due to the reticular synthesis, a three-dimensional porous
network with large internal pore volume can be yield. MOFs have the characteristics of
well-defined pore structure, large surface area, and structural flexibility, which are in
excess of commercial porous materials, such as zeolites or active carbons [*]. These
characteristics make the interior structure of MOFs can be chemically varied, with
broad application prospects in gas adsorption and separation [, storage [°), catalysis 6],

and many other fields [,



(b)

Zn,(CsH,04) Cu3(CoH;06),

Fig. 1-1 Schematic of typical metal-organic frameworks: (a) MOF-5, (b) MOF-177,

(c) MOF-74, (d) MOF-199. [1%!

The typical porosity of crystalline metal-organic frameworks structures can be
greater than 50% of the MOF crystal volume, which can be formed by organic units
(normally are ditopic or polytopic carboxylates and other similar negatively charged
molecules) linked to metal-containing units. By altering different kinds of metal-
containing units and organic units, MOFs with multifunction and various pore size can
be achieved, surface area values ranging from 1000 to 10,000 m?*/g /). Fig. 1-1 shows
the schematic of four typical metal-organic frameworks with different structures and
pore sizes, which are synthesized by different metal units and organic units, Zn4O and

1,4-benzodicarboxylate of MOF-5, Zn4O and 1,3,5-benzenetribenzoate of MOF-177,
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Zn>* and 2,5-Dihydroxyterephtalic of MOF-74, and Cu** and 1,3,5-

Benzenetricarboxylic of MOF-199.

1.2 Synthesis method of MOF's

In general, metal-organic frameworks are crystallized from a special solution.
Pores together with unreacted chemicals of the initial compounds are filled by water
and especially organic solvents "', Thus, MOFs are conventional synthesized by the
routes of hydrothermal or solvothermal, which are normally conducted via electric
heating without any other concurrent reactions ['?!. From this point of view, the reaction
temperature is one of the most important parameters in the synthesis of MOFs [1?],

The energy that MOFs synthesis need is usually inputted via the form of
conventional electric heating, for instance, a hot source transfers the heating via
convection in an oven 3!, However, this kind of method is time-consuming (from
several hours to days), alternative energy introduced methods for synthesizing MOFs
are developed, such as means of microwave-assisted, sonochemical, electrochemical,
and mechanochemical. Diverse energy will result in different duration time, pressure,

[14

and energy per molecule in the reaction system ['4], which can have a significant effect

on the product forming process and end properties. Fig. 1-2 summarizes the synthesis



methods, reaction temperature, and final products in the MOFs preparation.
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Fig. 1-2 Outline of MOFs synthesis in terms of methods, reaction temperature, and

products 1!

1.2.1 Traditional synthesis

The traditional synthesis is usually applied to prepare metal-organic frameworks,
which can be categorized into solvothermal and non-solvothermal methods. The term
solvothermal refers to reactions occurring in the closed vessels under autogenous
pressure above the boiling point of the solvents. Organic solvents are more generally

used in solvothermal method than hydrothermal using water as the solvent. Non-



solvothermal reactions occur at the temperature of less than or equal to boiling point

under atmospheric pressure, which greatly simplifies the requirement of equipment !

13]

Solvothermal synthesis can achieve higher yields and better crystallinity of the
final products. Due to the condition of a sealed vessels, the pressure will be promoted,
which further increases the heating temperature of solvents (over boiling point) and
enhances the solubility of the salts, and finally facilitates the reactions. A typical MOF-
5 was synthesized by Yaghi et al. using this method [!*). MOF-5 is a chemical formula
of Zn4sO(BDC)3, which is consisted of octahedral Zn4O linked by ditopic linear BDC.
By using triethylamine as the catalyst, H2 BDC and zinc nitrate was dissolved in a
solution of DMF/chlorobenzene, leading to deprotonation of HBDC and reacted with
Zn*" ions. A higher yield procedure has been developed by using DEF as the solvent

[16] " For non-

heated at 105 °C in a sealed container for MOF-5 crystallization
solvothermal synthesis, some representative MOFs have been synthesized at room

temperature by just blending the required chemicals in selected solvents, such as MOF-

5, MOF-74, MOF-177, MOF-199, and IRMOF-0!'%.

1.2.2 Microwave-assisted synthesis

In the chemistry of synthetic, using the energy of microwave irradiation is a
recognized route 71, Microwave-assisted synthesis depends on electromagnetic waves
interacted with moving electric charges. The microwave-assisted heating shows a very

energy-saving way of heating contributed by the solution interacting with reactants



directly. This method has the advantages of rapid crystallization, phase selectivity 8],
narrow particle size distribution '), and simple morphology control 2°1. Generally, for
microwave synthesis, a sealed Teflon container of the mixture of chemicals and suitable
solvents is placed in a microwave device and heated at a set temperature for an
appropriate time.

Jhung, S.H. et al. ! first synthesized a kind of MOFs, Cr-MIL-100, using
microwave-assisted method. They synthesized the MOF at 220 °C for 4 h and obtained
a yield of 44%, the condition has some degree of comparability of conventional
hydrothermal synthesis with a condition of 220 °C and 4 days. A typical MOF-5 was
also synthesized by this method, to reduce the preparation time, a strategy of increasing
microwave irradiation time, powder level, and chemicals concentration was applied,

but resulted in a reduction of crystal quality 22,

1.2.3 Electrochemical synthesis

The main feature of electrochemical synthesis of MOFs is that the metal ions are
continuously supplied from the anodic dissolution int the electrolyte containing
dissolved linker molecules rather than metal salts, which will avoid the use of protic
solvents, but hydrogen is generated in the process [°. By using this way, the anions of
metal salts, for instance nitrate, perchlorate, or chloride can be excluded during the
syntheses, which will be a problem for large-scale production processes. The
electrochemical strategy affords the possibility of running a continuous process for

achieving a higher MOFs content compared to normal batch reactions 3,



Researchers from BASF first reported the electrochemical synthesis of HKUST-
113) In their study, a copper plate was used as the anode immersed in H3BTC dissolved
in methanol with copper cathodes. After 150 min reaction at the applied voltage and
currency, a green-blue precipitate was formed. Since then, many other MOFs, such as
ZIF-8, Al-MIL-100, Al-MIL-53, and Al-MIL-53-NH> were synthesized by using

electrochemical strategy with different anodic dissolutions 231,

1.2.4 Mechanochemical synthesis

Mechanochemical synthesis refers that the intramolecular bonds can be broken by
introducing mechanical force and then a chemical transformation takes place. Pichon,
A., etal. ®* first reported synthesis of porous MOFs by using mechanochemical method.
In this study, copper acetate and isonicotinic acid were mixed in a ball mill for several
minutes, then Cu(INA), MOF was formed. During the synthesis, both the reaction
products, water and acetic acid in the MOF pores can be moved by heating. Several
typical studies about synthesizing MOFs via mechanochemical method were

----- [25]

Avoiding organic solvents is the most important advantage of mechanochemical
method, because the mechanochemical react can be conducted at room temperature
under solvent-free conditions [?®). In addition, using this method can yield quantitative
products in short reaction time, usually in 10-60 min. Moreover, in several cases, the
metal salts can be replaced by metal oxides as the raw material, which only has the side

product of water ['3],



1.2.5 Sonochemical synthesis

Sonochemical synthesis refers that chemical reactions occur when applying high
energy ultrasound to the reaction mixture. Ultrasound is a periodic mechanical vibration
with frequency between 20 kHz and 10 kHz. Since the wavelength of ultrasound is
much larger than molecular size, the ultrasound direct interaction between ultrasound
and molecules is unlikely to cause chemical reactions. When high-energy ultrasound
interacts with liquids, a cycle of alternating compression (high pressure) and rarefaction
(low pressure) will be formed. During this process, a phenomenon of cavitation take
place, the cavity begins from forming a nucleus, then increases to a limited size, and
finally collapses ! 131, The ultrasonication will result in the increase of reagents
blending and dispersion of particle aggregates, which leads to enhancement of
chemicals contacting area. Meanwhile, the dissolution of initial chemicals will also be
improved.

A kind of MOF named Zn3(BTC), was first synthesized by sonochemical method
in 2008 7], In this study, zinc acetate and H3BTC together with 20% ethanol were
treated by sonication for different time (up to 90 min), but even treated for 5 min, a
fairly high product yield of 75.3% was obtained. Synthesis of HKUST-1 MOF in
DMF/EtOH/H,0 solvent by sonochemical method was also reported 28], A size of 10-
40 nm nanocrystalline powder was achieved after 5 min sonication treatment. Larger
crystals (50-200 nm) and higher yields were obtained when raising the treatment time,
but a partial decomposition of crystals also occurred. The objective of sonochemical

synthesis in MOF preparation is to looking for a method that can be easily implemented



with the features of fast, energy-saving, environmentally friendly and room temperature

adaptable, which will be a promising strategy for future scaleup application.

1.3 Performance and application of MOF's

Metal-organic frameworks are a new type of molecular sieve-like coordination
polymers, which consist of organic and inorganic compounds, bonded by coordinate
bonds. Compared with organic carbon or inorganic molecular sieves and silica, MOFs
have the obvious advantage of modifiability, such as obtaining new structure by
adjusting the metal ion cluster or organic ligands and post modification by related
reactions. In terms of raw material source, the organic linkers include carboxylic acid,
sulfonic acid, imidazole, pyridine, and their derivatives, the metal ions or clusters
include almost all transition metals and some alkali metals. As for molecular structure,
currently synthesized MOFs all have micropore or mesoporous structure and wide
chemical applicability. Therefore, MOFs are widely used in the fields of adsorption,

separation, antibacterial, photochromism, fluorescence, catalysis, and magnetism.

1.3.1 Gas adsorption and separation

The fundamental principal of selective gas adsorption and separation is based on
two parts, one is the adsorbate-surface interactions, which includes the chemical or/and
physical interaction between adsorbent and the adsorbate; the other one is the size-
exclusion (molecular sieving effect), which is up to the shape and size of selected MOFs.
These two impacts can work independently, and also cooperatively 21,

Ma S et al. ®% developed a MOF, PCN-13 (ZnsO(H20)3(C16HsO4)3-:2DMF), which



involved a pore volume of 0.3 cm*/g and a square hydrophobic channel of 3.5 A x 3.5 A.
This MOF was used for separating N> for Oz, because N> has a larger molecule size of
3.64 A while O has a smaller molecule size of 3.46 A. Hence, O can pass through the
pore while totally preventing the N>. Another study concerning gas separation of CO>
and CH4 by using amino-functionalized Mil-53 MOF was also reported *!. The CO
molecule has a high affinity for amino groups due to the quadrupole moment, and the
experiments showed that CH4 could pass through the MOF while CO> was adsorbed.

Therefore, these two gases can be separated at atmospheric condition.

1.3.2 Catalysis

MOFs as a sort of porous material with ultra-high surface area, can be used in
catalysis field. In theory, by optimizing the design of pore parameters, MOFs can be
applied in each specific catalytic system. In addition, owing to the high content of metal
and high crystallinity, each active site is diverse. Hence, in the reported MOFs that can
be applied for catalysis, the catalytic activity is mainly determined by the porosity and
the specific transition metal center with catalytic activity.

The MOF, HKUST-1 was reported to play the role of Lewis acid catalysts, because
it exhibits open metal sites when the solvent removed from the MOF 132, Schroder et
al. 1*3 reported a functional MOF-5 doped with Ru nanoparticles, and used for alcohol
oxidation as a catalyst. But the water sensitive feature of MOF-5 limited its catalytic
application. The distinctive catalytic features of MOFs can be developed via

investigating the metal centers, organic linkers, particle size, as well as integration of
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these.

1.3.3 H2 and CHyj4 storage

Many studies have been conducted to increase store fuel gases such as hydrogen
and methane under actual conditions. A container filling porous adsorbent makes the
gas can be stored at a much lower pressure, which brings the safe and economic benefits.
MOFs can act as such kind of adsorbents due to the characteristics of adjustable pore
size and flexible frameworks.

MOF-5 was the first reported study for H» storage [**. Since then, many MOFs
have been studied to enhance the hydrogen storage capacity [**. The hydrogen storage
of MOFs is based on physical adsorption, and as we all know, in this mode, the saturated
hydrogen adsorption at 77 K is positively correlated with the surface area of the
adsorbent. So, rising the surface area will contribute to improvement of hydrogen
storage. MOFs have higher surface area than other materials, which attract much
attention in this field. Natural gas (mainly methane) is another alternative fuel source.
CuSiFs(BPy), was the first reported MOF studied for storing CH4 gas [*®). Same as
hydrogen adsorption, the total weight of methane adsorption is usually increased with

enhancing the pore volume of MOFs.

1.3.4 Drug storage and delivery

Generally, different drug delivery strategies can be divided in organic systems and
inorganic systems. The former has the advantages of wide range of biocompatibility
and the ability to adsorb multiple drugs, but lack a controllable release mechanism

11



while the latter has a well-organized porous network that can deliver adsorbed drugs at
a controlled rate, but with reduced loading capacity [*-38]. Due to MOFs with adjustable
functional groups and tunable pore size consist of organic and inorganic compounds,
two parts of the benefits from organic and inorganic materials can be realized.

Two kinds of MOFs, MIL-100 and MIL-101 were found to be applicable for drug
delivery because of their well-organized porosity *°1. Due to the different pore size and
particle shape of MIL-100 and MIL-101, 1 g dehydrated MIL-100 was reported to
uptake 0.35 g ibuprofen while same amount of MIL-101 could uptake 1.4 g ibuprofen.
A flexible MOF, MIL-53, having the ability of respiration that can expand its structure
after heating, was also developed for drug delivery [ #!. It was found to uptake about
20 wt% of ibuprofens with a whole delivery using about three weeks, contributed by

full expansion at a high temperature with large pore volume of the MOF.

1.3.5 Antibacterial

The antibacterial ability of MOFs comes from the release of metal, which is in the
form of cation or small parts of MOF framework [*?. Such metal can be Ag*, Zn**, Cu*",
Ni®" that have antibacterial properties, the high porosity of MOFs can ensure the
gradual release of metal ions during diffusion or biodegradation process, thereby
providing long-lasting antibacterial effect. This process resulted in a continuous
antibacterial effect and high durability while restraining the agglomeration and
oxidation %,

Cu-BTC, also named as MOF-199 or HKUST-1, is one of the most famous Cu-

12



based MOFs, containing Cu(Il) as the inorganic part and H3BTC acid as the organic
ligand. It was reported to have strong antifungal property against Saccharomyces
cerevisiae and Geotrichum candidum. And even after 24 hours of microbiological test
in a liquid medium, the inhibition zone of Cu-BTC was observed, showing the gradual
degradation of MOF structure and slow release of Cu" ions that related to antifungal
effect 31, Another study reported the antibacterial property of two cobalt-imidazolates,
ZIF-67 and Co-SIM-1, and compared to one silver-based MOF, AgTAZ *4. The results
showed that two Co-based MOFs had much higher inhibition zone (about 15 mm)
against selected fungus than that of AgTAZ (about 2 mm). The Co?" ions were found to
diffuse into the agar medium, which played an antibacterial effect. Even after 3 months,
the antibacterial activity was still high and almost unchanged, showing the MOFs have

excellent durable antibacterial properties and extended release of antibacterial agents.

1.3.6 Other applications

Due to the characteristic advantages of both organic and inorganic porous
materials, metal-organic frameworks have also been developed in many other specific
applications. Such as magnetic properties, luminescence and sensors, photochromic
properties, etc. ! Many other new potential applications of MOFs need to be

developed based on specific utilization.

1.4 MOF composites

Diverse metal-organic frameworks synthesized by existing strategies have many
excellent properties as mentioned above, but the synthesized MOFs are general

13



insoluble in water and organic solvents, and with very small size, form of powder, and
poor processability, which limit the applications of MOFs in many aspects [ 461,
Therefore, industrialized utilization and expanding the application fields have become
an increasingly concerned issue for researchers. Much attention has been focused on
preparation of MOFs modified functional materials with MOFs as a matrix or MOFs as
an enhancement for composites. Using MOFs to modify or compound other materials
can not only maintain the existing performance of MOFs, but also further improve the
properties of composites. Varieties of substrates with different properties were reported

for MOFs deposition, such as silicon, alumina, TiO, ceramics, carbon nanotubes, glass,

metals, fibers, etc.

1.4.1 Preparation of MOF composite

Various methods are performed to fabricate MOF-based composites. These
methods can be divided into several types, direct growth, layer-by-layer growth,
secondary growth, and chemical solution deposition.

(1) Direct growth

Direct growth method also known as in situ growth method, which is generally
performed by immersing the selected supports in the reaction solutions involving the
metal salts and ligands for MOFs synthesis. The nucleation sites on the carrier can be
produced by microwave-assisted heating, thereby allowing crystals to grow on the
substrate with a thickness of several microns. The support can also be immersed in the

preheated reaction mixture where nucleation occurs and then crystallization process.
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Due to the heterogeneous nucleation, these two methods can hardly achieve continuous
thin film on the substrates. Hence, to obtain high quality films, modifications of the
substrates are needed '3,

Direct growth method can be applied for preparing MOFs modified functional
materials. Liu et al. 7 reported a study concerning this method, they immersed porous
a-Al203 substrate in the terephthalic acid dissolved in DMF for a period of time, then
adding zinc nitrate hexahydrate, reacted at 105 °C in a reactor. The thickness of MOF-
5 layer of the composite was about 5 pum. But the orientation was unclear and easy to
fall off. Generally, MOFs grow more easily in solution, so when introducing the
substrate, the growth status of the MOFs is related to the nature of substrate. Therefore,
to improve the growth state of MOFs on the substrate, the substrates needs to be
functionalized. Usually, the substrates are modified to expose more active groups (such
as hydroxyl, carboxyl, and amino) that can be easily reacted with organic ligands of
MOFs. Huang et al. ) reported a modified strategy, they used 3-
aminopropyltriethoxysilane to aminate the a-Al>O; substrate and grow a dense and
continuous ZIF-90 crystal layer on the surface by in-situ growth method. The
mechanism of ZIF-90 modified a-AlbO3 material was that during the amination
treatment of the substrate, 3-aminopropyltriethoxysilane reacted with the surface of a-
AlO3 material, providing a site for the growth of MOFs. Then, the organic ligands of
ZIF-90 reacted with the growth sites of the aminated substrate to obtain dense MOFs

modified a-Al,O3 functional materials.

(2) Layer-by-layer growth
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In order to obtain homogeneous, controllable orientation and thickness of MOFs
films on the selected substrates, layer-by-layer (LbL) method for growth of MOFs is
developed. In LbL growth method, the substrate is first immersed in the solution of
metal salts, then washed by suitable solvent to remove unreacted chemicals, and
immersed in the solution of organic ligands for MOFs growth, finally rinsed as one
growth layer and repeated the growth cycle. Although layer-by-layer method has many
advantages compared to direct growth, some drawbacks should be noticed. The
substrate normally needs to be modified, and due to the repeating cycles of immersion
and rising, the LbL method is time-consuming *°’,

Shekhah et al. ®Y first used layer-by-lay method to grow HKUST-1 MOF onto Au
substrate. The Au surface was functionalized by COOH, then the substrate was
successively immersed in Cu®" and H3BTC solution, and repeating the process to obtain
HKUSU-1@Au composite with increasing thickness of MOF films.

(3) Secondary growth

Secondary growth, namely seeded growth, is generally conducted by coating the
substrate with a seed layer (spin or dip coating), then the seeded substrates are immersed
in reaction solution containing metal salts and organic linker for MOFs growth. The
subsequent growth method is like direct growth method, usually performed in a
solvothermal system. Secondary growth method is able to get a controllable MOF
thickness and orientation compared to direct growth, so this method is often used for

preparing membranes ['*],

ZIF-7 was reported to growth on a-alumina support by seeding growth method 1.
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Prior to synthesize ZIF-7, the a-alumina was dip-coated with as-synthesized crystals as
the seeded layer with PEI added as the dispersions. PEI in the reaction solution could
improve the attachment between seeds and support by H-bonding. Then the ZIF-7 was
grown based on the seeded layer in the form of continuous and oriented membranes.

The direct growth usually results in loose MOFs crystals on the selected substrate,
but this procedure can be used to conduct a seed layer for secondary growth. That is,
employing a MOF on the substrate prepared by direct growth method as the seed layer,
then the subsequent MOFs can grow on the MOF seed layer. The seed layer can be the
target MOF for composite preparation or other MOFs. Gascon et al. ’2l used Cu-BTC
as the seed layer, which was spin-coated on the porous Al,O3 substrate, then HKUST-
1 crystals were secondary grown on the seeded layer.

(4) Chemical solution deposition

The term chemical solution deposition is that the presynthesized MOFs
nanocrystals were deposited on the substrate by spin- or dip-coating procedure in a
suspension. This strategy is able to prepare thin films via dispersions of MOFs crystals.
The film thickness can be adjusted by several depositions. This route is also applied in
industry due to the features of low-cost and large-scale practicability.

It was reported that silicon wafers were dip-coated with colloidal dispersion of
ZIF-8 crystals to form a ZIF-8 film [°*]. The density and thickness of the film could be

adjusted by changing the taking speed and particles concentration.
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1.4.2 MOFs functionalized composites

(1) MOFs@metallic oxide

Metallic oxide materials with controllable shape, size, crystallinity, and function,
are widely applied in electronics, optics, catalysis, solar energy collection,
electrochemical energy, etc. To further improve the performance of metallic oxide and
introduce new functions, many studies have been conducted to integrate metallic oxides,
especially those with magnetic or semiconductor properties and MOFs into core-shell
structure B4,

Lohe et al. 3 recently reported iron oxide particles grafted with organic ligand
carboxylate groups as seed for MOF growth. The magnetic functionalization of
aluminum-based and copper-based MOFs by superparamagnetic y-Fe2O3 was studied.
Results showed that the superparamagnetic functionalization can enable the MOFs
catalyst to be quickly separated from the reaction medium, and realized the possibility
of the release of controllable drug ibuprofen caused by magnetic induction heating of
the magnetic composite material.

(2) MOFs@Polyoxometalate

Polyoxometalates (POM), a kind of inorganic molecular compounds, are
composed of discrete anionic metal-oxygen clusters with diversity in size and shape.
POM is widely applied in catalysis, pharmaceuticals, electrochemistry, photochromism,
magnetism, etc. POM has attracted much attention especially in the field of catalytic
chemistry. But its small specific surface area and poor stability limits its application [/,

By fixing POM in porous materials can improve the stability of POM and optimize its
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catalytic performance. Compared with traditional porous materials, porous MOFs have
the obvious advantages of large specific surface area and high porosity. Therefore,
synthesis of MOFs@POM composite is expected to improve the dispersion of POM in
MOFs to prevent the aggregation and deactivation of POM, and enhance the catalytic
performance.

Maskimchuk et al. 57 381 reported a MIL-1012@POM composite obtained by
immersion route by using MIL-101 as the main body, which showed good catalytic
selective activity for the oxidation reaction. However, issues including low POM
loading, poor uniformity of composite materials and leaching of guest POM during
impregnation still need to be considered. Based on template effect of POM, Kuang et
al. 5T used POM as a non-coordinating anionic template to construct three-dimensional
MOFs. MOFs@POM composites are usually formed by self-assembly method under
hydrothermal conditions. The composite prepared the synthesis method has the
advantage that POM is easily encapsulated in MOFs, and the limiting effect of MOF
pores makes the POM difficult to leach out, thereby avoiding the aggregation and
deactivation of active substances.

(3) MOFs@organic-polymer

Organic polymers have unique properties such as convenient production, light
weight, excellent thermal stability, and chemical resistance. They are easy to integrate
with other functional materials to prepare composites. Therefore, it is necessary to
establish a new synthetic mechanism to control the doping or growth of porous MOFs

in polymers. A series of composites constructed by MOFs and organic polymers in
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various combinations have both two properties.

The research of polymer filling in crystalline porous bodies with tunable
nanochannel structure has been widely concerned. Uemura et al. [®") pioneered the use
of porous MOFs with various sizes, shapes, dimensions, and surface functions as closed
polymerization nanoreactors, especially the active sites on the pore surface of MOFs
can be used a nano model for polymer synthesis and catalyst. Lee et al. [*!) prepared the
ZIF-8@polystyrene microspheres with core-shell structure under solvothermal
conditions using the conjugation effect between porous MOFs and organic polymers,
and the thickness of ZIF-8 layer could be controlled by the number of growth cycles.
Considering that template synthesis is a common strategy for preparing layered hollow
microspheres, especially for the holes in the shell, the composite was etched using DMF
to remove the polystyrene core layer, forming a unique ZIF-8 layer with hollow
structure. This method provided an important way for preparation of MOFs with hollow
structure.

(4) MOFs@MOFs

MOFs@MOFs core-shell structure functional materials can not only improve the
porous properties of single MOF, but also add new functions without changing the core
or shell MOFs single crystal body characteristics. To contracture a multi-functional
core-shell structure MOFs@MOFs, there are two main synthesis strategies: a) One
MOF is used as a seed layer, and the other MOF are epitaxially grown on the surface
of the seed layer to form shell MOF. The composite has two different metal centers and

form different crystalline regions in the two-shape MOFs separation area. The key of
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method is the close lattice matching between the core MOF and the shell MOF ©%], b)
Post-synthesis modification (PSM), including the controlled exchange between residual
number of organic ligands and metal framework ions, and the selective reaction of
ligands. The post-modification of the metal centers and organic ligands can selectively
restrict MOF to each other’s shell or core layer.

Based on the epitaxial growth of dissimilar metals, Kon et al. [*! studied the
epitaxial growth of two different organic ligands, BDC and BDC-NH>, to form the core-
shell structure MOFs@MOFs. MOF-5 (Zn-BDC) was used as a seed crystal immersed
in the precursor solution of IRMOF-3 (ZnBDC-NH>) to obtain the core-shell structure,
and vice versa. Results showed that with the change of the ratio of input amount of two
organic ligands, the synthesized composite crystal changed from colorless MOF-5 to
orange IRMOF-3, showing high spatial color contrast and no effect on the porosity of

MOFs@MOFs, while the specific surface area was between MOF-5 and IRMOF-3.

1.5 Cellulosic materials for MOFs deposition

Many hard substrates for MOF deposition have the disadvantage of high weight,
complicated manufacture process, and high cost. Compare with these substrate,
cellulosic fiber derived from abundant plant resource have inherent advantages of low
specific gravity, low cost, flexibility, recyclability, and biodegradability [**, and also
many active chemical groups in the cellulosic materials. Therefore, cellulosic materials

can be suitable substrates for MOFs deposition with some special characteristics.
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1.5.1 Chemical modification of cellulosic materials

The main content of cellulosic materials is cellulose, which is polysaccharide
consisting of a linear chain of hundreds or thousands of D-glucopyranose linked by f-
1,4-glycosidic bonds [®]. The hydroxyl groups of cellulose can be subjected to chemical
modifications for incorporation of metal-organic frameworks. These modifications of
cellulosic substrates can be divided into three: expose more native moieties, organic
group modification, and inorganic oxides modification [6¢],

(1) Expose more native moieties

The native moiety of cellulosic materials that can mimic the complexing moieties
of MOFs is hydroxyl groups, especially the hydroxyl group of C6 of cellulose.
Therefore, more MOFs can be deposited on the cellulosic substrates if more hydroxyl
group can be exposed. This method is the easiest way for MOFs growth modification
compared to other two methods.

Several studies have been performed by modifying cellulosic substrates. Ozer et
al. 1”1 used cotton as the substrate for MOFs growth, cotton was simply treated by
sodium hydroxide for the purpose of cleaning and more hydroxyl groups explosion. It
was also reported in another study that cotton fabric was activated by oxidation with
hydrogen peroxide and then the resultant cotton was used for Cu-BTC MOFs deposition
[68] TEMPO oxidation method was also used for cellulosic material pretreatment. Duan
et al. 1% treated the delignified corncobs by TEMPO oxidation process of hydroxyl
group to carboxyl group, which enhanced the deposition of MOFs on cellulosic

materials.
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(2) Organic group modification

Cellulosic materials, take the case of cotton, which can be subjected to different
surface chemistry modifications, such as esterification, etherification, nitration,
acetylation, phosphorylation, and sulfation "% 7!, Introducing an organic group that can
mimics the complexing moieties of the MOFs will result in stronger interaction between
the cellulosic substrate and MOFs compared to cellulose native groups.

As one of the earliest reports of cotton functionalization with MOFs, da Silva Pinto
et al. modified the cotton substrate by a basic carboxymethylation treatment "2, The
carboxymethylated cotton surface could fix Cu %" by electrostatic interactions and then
accelerate the growth of MOF-199. In order to obtain much improvement of
carboxymethylation of cotton, another study used chloroacetate and sodium hydroxide
in ethanol/water (2:1) solution and the resultant substrate was used for MOFs deposition
(73] Pyromellitic acid was also used for introducing carboxylic groups on the fiber
surface through esterification reaction ["*. As well as pure linen and viscose specimens
were treated by pre-hydrolyzed 3- glycidyloxypropyltrimethoxysilane and then used
for NH2-MIL-125(Ti) growth [73],

(3) Inorganic modification

In some studies, inorganic oxides integrated onto the fiber surface can also mimic
the inorganic part of MOFs. Wang et al modified the cellulose nanocrystals by grafting
magnetic Fe;04 and then used for Zn-BTC growth ], Yang et al. treated the paper with
precipitated calcium carbonate (PCC), then the interfiber bonding by hydroxyl groups

reduced, which offered more available hydroxyl groups for complexing MOFs 71,

23



1.5.2 Cellulosic substrate for MOF's deposition and application

Many cellulosic materials have been developed for construction of
MOFs/Cellulosic material composites, from nano scale cellulose to macroscopic fiber,
to suit different applications.

(1) Cellulose polymer

Hydroxypropyl cellulose was reported to be used as a raw material for preparing
cellulose/MOFs composites [®!. By introducing sulfonic acid functional groups, the
modified cellulose showed high proton conductivity. And then integrating the modified
cellulose with an aluminum fumarate MOF, which was used as the electrolyte for all-
solid-state supercapacitor at low humidity.

Cellulose acetate was also reported to fabricate cellulose/MOFs composites, due
to the cellulose acetate is easily electrospun. Several MOFs were used to be loaded on
for enhancement of the production of hollow fibers. Such as hybrid UiO-66 for
mercaptan removal from natural gas [, MOF-199/cellulose acetate membranes for
catalytic applications in continuous flow process %%, a pearl-necklace-like composite
membrane prepared by in situ intergrown ZIF-67 on the 2-methylimidazole/cellulose
acetate electrospun nano fibers (!, HKUST-1 and ZIF-8 synthesized within cellulose
acetate fibers for CO2/N; adsorption [32],

Bacterial cellulose has also been reported for making composites with MOFs. Au-
Duong et al first reported bacterial cellulose as the substrate for making a composite

with ZIF-8 ) The bacterial cellulose was modified by self-polymerization of

polydopamine and then used for ZIF-8/bacterial cellulose composite preparation, which

24



was applied for iodine capture. M. Ashour et al. 84 used water as the solvent to
synthesize MIL-100(Fe)/bacterial cellulose nanocomposites and the products were
applied for separating arsenic and Rhodamine B from aqueous solution.

(2) Nanocellulose

Nanocellulose materials show a great promise as effective carriers and supporting
substrates. Several studies have been performed by using nanocellulose material for
metal-organic frameworks hybrid. Zhu et al. %3 reported a facile method to prepare a
flexible and porous aerogel by combining functional MOFs and structural cellulose
nano crystals (CNCs) and the resultant aerogels were used for separations applications.
Matsumoto and Kitaoka 3¢ reported a nanocellulose film with nano porous MOFs
embedded. In their study, TEMPO oxide cellulose nanofibers (TOCN) with surface
carboxylated were used for MOF (ZIF-90) deposition, and the hybrid crystals were
filtered on a commercial filter paper. The final products with gas-barrier properties were
used for separation of CO; from CO2/CHa.

Lu et al. " reported a cellulose-supported magnetic Fe;04-MOF composite using
the cellulose micro-fibrils (CMF) as the basic substrates. The CMF improved the
dispersion of MOF crystals and Fe3O4 nanoparticles, then the catalytic performance of
the resultant composite was enhanced.

(3) Cellulosic fiber

Cellulosic fibers are the main substrates for MOFs deposition in the cellulosic
materials because of their easy access and close to industry. In an initial study, pulp

fibers were directly used for MOFs growth (%], chemi-thermomechanical pulp (CTMP),
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unbleached kraft pulp, and bleached pine kraft pulp. The CTMP fibers had the highest
amount of MOF growth compare to other two pulp fibers, the authors attributed this to
the high content of carbonyl or carboxylic acid group of CTMP. In another study, da
Silva Pinto et al. "*) modified the cotton fiber by a carboxymethylation treatment, which
proved that the deposition of MOFs to the carboxylate groups from the anionic cellulose
is indeed and that the presence of carboxyl groups plays a stabilizing role for MOFs
formation.

Different applications of MOFs/cellulosic fibers composites were developed, such

89] [90

as antibacterial properties %) catalytic of nitric oxide release ), luminescent
properties [*7), removal of ethion insecticide from water [*), etc. of MOFs/cotton fabric.

(4) Paper

Paper, as the most common cellulosic material, is also used to fabricate
MOF/paper composite. Two typical routes were used for preparing the composite, a)
the MOFs were used as a special filler during the papermaking, b) MOFs were growth
on the ready-made paper surface like a kind of coating.

Su et al. P! reported ZIF-8 functionalized cellulose air filter paper, the cellulose
fibers were functionalized by growth of ZIF-8 nanocrystals, then the resultant samples
were used to fabricate air filters with gas adsorption ability by freeze-drying technique.
Jeehyun Park and Moonhyun Oh % constructed a filter paper composite with ZIF-8

and ZIF-67 grown on the paper surface like a coating procedure, which was used for

dyes capture from water.
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1.6 Objective of this study

Metal-organic frameworks (MOFs), a new class of porous crystalline materials
composed of transition metal ions linked by polyfunctional organic linkers with
coordination bond, have been drawn much attention over recent years due to their large
surface area and adjustable pore size. Due to their excellent properties, MOFs have been
widely studied for various applications, such as gas storage, separation, sensing,
catalyst and antimicrobials. MOFs normally present as a form of powder, so for
industrial application processes, it is essential to mold or form these crystalline powders
to certain shapes for a specific use. Cellulosic materials derived from abundant plant
resource have inherent advantages of low specific gravity, low cost, recyclability and
biodegradability and many active chemical groups on the fiber surface. Therefore, the
objective of this work is to study the metal-organic frameworks deposited onto
cellulosic materials in term of green synthesis and optimum fabrication routes, by using
less organic solvent and improving the depositing efficiency. The research and
application of the MOFs functionalized cellulosic materials using the strategy
investigated in this work will expand the high-value applications of cellulosic materials

with the advantages of being more economical and environmental-friendly.
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Chapter 2

Synthesis and characterization of Cu-BTC metal-organic frameworks
onto lignocellulosic fibers by layer-by-layer method in aqueous

solution

2.1 Introduction

Metal-organic frameworks (MOFs), a new class of porous crystalline materials
composed of transition metal ions linked by polyfunctional organic linkers with
coordination bond, have been drawn much attention over recent years due to their large
surface area and adjustable pore size "> *]. Due to their excellent properties, MOFs have

been widely studied for various applications, such as gas storage [l separation ** %1,

sensing %!, catalyst 7 %81 and antimicrobials 7!,

MOFs normally present as a form of powder, so for industrial application
processes, it is essential to mold or form these crystalline powders to certain shapes for
a specific use, such as beads or pellets for gas absolution, catalyst, and energy storage,
ensuring a low-pressure drop and high performance > 881, Several studies have already
succeeded in depositing selected MOFs on some suitable substrates offering high

1190] alumina and silica '°", But these hard

thermal stability, for example, ceramic beads
substrates have the disadvantage of high weight, complicated manufacture process, and

high cost. Compared with these substrates, lignocellulosic fibers derived from abundant
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plant resource have inherent advantages of low specific gravity, low cost, recyclability
and biodegradability ®Y and many active chemical groups on the fiber surface.
Therefore, lignocellulosic fibers and fiber-based material can be suitable substrates for
industrial applications of MOFs.

Several pieces of research have been conducted to deposit MOFs onto fiber surface
for specific applications. da Silva Pinto et al. ["?! studied the mechanism for chemical
bonding and growth of Cu-BTC onto cotton substrates, indicating the presence of
carboxyl groups in modified fibers plays a stabilizing role in the formation of Cu-BTC
crystals. MOFs deposited onto fibers and fiber-based materials surface showed an
antibacterial activity (1921831 applied in purification of waste water by removing dyes
[68, 1041 " separation of certain gas and pollutant [ 861051 removing insecticide 8 and
adsorption "7 191 A[l the researches above use pure cellulose material (cotton, bleached
fiber, and nanofibrils) as the substrates for growth of MOFs and organic solvents as the
reaction solvent, for instance dimethylformamide (DMF), ethanol and methanol, which
do not make full use of lignocellulosic fibers and bring difficulties for further treatment
of liquid waste.

Recently, using salts as linker sources to synthesize MOFs in the water at room
temperature was developed [1°7) where they used organic salts (instead of their
homologous protonated organic ligands) as anionic linker sources to prepare MOFs in
aqueous solution at room temperature. In conventional preparation strategies, restricted
condition is needed, such as high temperature and pressure and organic solvents. The

corrosive acid (CH3COOH, HNO:;, etc., depending on metal anion source) produced by
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reaction reagent will fill the pores of synthesized MOFs, normally adding deacid
reagent (such as triethylamine) to reduce this effect. Therefore, application of this
synthesizing strategy will have the energic or economic advantages and makes green
preparation system, and the needless corrosive acid will be replaced by organic salts
(trimesic salts of this study). Drawing inspiration from this work, Zn-BDC metal-
organic frameworks deposited on cotton fabric and polyacrylonitrile were studied using
terephthalic salts 1% 191 The color of Zn-BDC is white so it’s difficult to identify the
Zn-BDC on the fiber surface just by visual observation compared with the blue Cu-
BTC. And the MOFs just deposit on the fabric surface, which will achieve a smaller
number of MOFs on the substrate compared with pulp fibers. To our best knowledge,
no studies of using trimesic salts to synthesize Cu-BTC metal-organic framework
crystals onto high yield fibers in aqueous solution at room temperature have been
reported. Unlike the solvothermal method of synthesizing MOFs at high temperature
and pressure, layer-by-layer growth of MOFs on the fiber surface is an optimum
approach to achieve more amount and uniform distribution of MOFs onto fiber
substrate [0 1101,

In this study, the composites of Cu-BTC metal-organic framework onto high yield
pulp fibers were prepared in aqueous solution using trimesic salts as linker sources for
coordination bonding with copper. The lignocellulosic fibers were first subjected to a
carboxymethylation process for obtaining carboxyl group, then the Cu-BTC crystals
depositing onto fibers were prepared by a layer-by-layer method and the synthesis

temperature and time was also investigated. The as-prepared composites were further
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characterized by various techniques, such as ATR FT-IR, XRD, SEM, and specific

surface area analyzer.

2.2 Experimental Section

2.2.1 Materials

High yield pulp (HYP) fibers used in this study were unbleached, never-dried
thermo-mechanical pulp (TMP, mixture of Picea jezoensis and Abies sachalinensis),
kindly provided by Nippon Paper Industries Co., Ltd. Copper (II) acetate monohydrate
(Cu(OAc)2-H20), 1,3,5-benzene-tricarboxylic acid (HsBTC), sodium chloroacetate
(CICH2COONa), sodium hydroxide (NaOH) were purchased from FUJIFILM Wako
Pure Chemical Corporation, Japan. All chemicals were used as received without any

further purification. Lab-made deionized water was used throughout all the experiments.

2.2.2 Carboxymethylation of high yield pulp fibers

High yield pulp fibers mainly consist of lignin and cellulose with a small amount
of hemicellulose, and the phenolic hydroxyl of lignin and alcohol hydroxyl of cellulose
and hemicellulose can be carboxymethylated by sodium chloroacetate with sodium
hydroxide as a catalyst [''!. 10 g of fibers were immersed in 250 mL 1 M sodium
chloroacetate solution prepared by 15% (w/v) NaOH solution, stirring at 50 °C for 1h.
Then the carboxymethylated high yield pulp fibers (CHFs) were rinsed thoroughly
using deionized water to the neutral condition. The carboxyl group content of original

and carboxymethylated fibers was determined by the methylene blue method 121141,
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50 mg of fibers were immersed in a mixture of 25 mL of 1mM methylene blue solution
and 25 mL PBS buffer solution (pH=8.5), stirring at room temperature for 20 h, then
filtered with a glass filter. 2.5 mL of the filtrate was diluted to 50 mL using deionized
water. Then the diluted filtrate was measured by UV-visible spectroscopy (UV-1700,
Shimadzu, Japan) at a wavelength of 664 nm. The carboxyl group content was
calculated by the ratio of the increment of methylene blue between carboxymethylated

and original fibers to dry fiber weight.

2.2.3 Preparation of Cu-BTC in aqueous solution

The preparation process of Cu-BTC was revised from 1, the organic solvents and
H3BTC were replaced as water and Na;BTC respectively. 860 mg (4.31 mmol) of
Cu(OAc)2-H>O was dissolved in 12 mL DI water, added a mixture of 500 mg of H:BTC
(2.38 mmol) and corresponding NaOH (285.6 mg, 7.14 mmol) dissolved in 12 mL water,
stirring at room temperature for 10 min and allowed to stand for an hour. The product
was subjected to centrifugation, removal of supernatant liquid and redispersion with

water for three times, and then freeze-dried.

2.2.4 Preparation of Cu-BTC@CHFs composites in aqueous solution

250 mg of CHFs were immersed in 12 mL of Cu(OAc)2-H20 (860 mg, 4.31 mmol)
aqueous solution, stirring for 10 min at room temperature, then 12 mL of Na;BTC
aqueous solution (mixture of 500 mg of H3BTC and 285.6 mg of NaOH) was added,
the reaction was performed at different temperatures (R.T., 50 °C, and 75 °C) and
different time (10 min, 4 h, 8 h, 16 h, and 24 h) using a magnetic stirrer. Then the
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product was washed thoroughly using water to remove unreacted chemicals and Cu-
BTC not deposited on fibers. This one preparation cycle was considered as one growth
layer. The Cu-BTC@CHFs composite was prepared by a layer-by-layer method.
Another growth layer was conducted based on the former layer of the resultant sample
by repeating the process above. The samples were treated with 2, 4 and 6 layers, then
freeze dried to obtain final products, as shown in Fig. 2-1.

Due to some fines of fibers may lose during washing, ash content method was used
to determine the deposit ratio of Cu-BTC onto fibers. A certain weight of CHFs and Cu-
BTC were ignited in a muffle furnace at 900 °C for 1 h, after complete combustion,
samples were cooled slightly and then placed in a desiccator. Samples were weighed
when reaching room temperature. The ratio of ash weight and dry sample weight was
ash content. The ash weight of Cu-BTC@CHFs was also determined in this way. Then
deposit ratio can be calculated by using a binary equation of sample weight and ash

weight, as follows in Eq. (1), (2)

xX+y=m
{ax +by=n ()
Deposit ratio = % X 100% 2)

Where, x and y are the weight of Cu-BTC crystal and fiber in Cu-BTC@CHFs,
respectively; a and b are ash content of Cu-BTC crystal and fiber, respectively; m and

n are the weight of Cu-BTC@CHFs sample and its ash weight, respectively.

2.2.5 Characterization

Field emission scanning electron microscopy (FESEM, S4800, Hitachi, Japan)
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with an EDS was used to observe the surface morphologies of samples coated with
platinum for 30 s. The IR spectra were performed on a Fourier transform infrared
spectrometer with attenuated total reflectance (ATR) mode (Nicolet 6700, Thermo
Fisher Scientific Corp, Japan). A total of 128 scans at a resolution of 4 cm™ were
performed for each sample. An X-ray diffractometer (XRD, Rigaku Corp) was used to
analyze the crystalline phase of each sample from 5° to 40° at 2.5 degrees per min. A
current of 40 mA and voltage of 40 kV were used with a Cu (A=0.15418) standard target.
The gas adsorption isotherms of Cu-BTC nanocrystals, Cu-@CHFs were measured by
a surface area analyzer (NOVA 4200e, Quantachrome Instrument Corp), using nitrogen

gas as the adsorption source at 77 K.

2.3 Results and discussion

2.3.1 Concept of preparation of Cu-BTC@CHFs in aqueous solution

CICH,COONa+NaOH Cu(OAC), aqueous solution Na;BTC aqueous solution

Carboxymecthylation - Binding Cu?* -
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Fig. 2-1 Schematic of the preparation of Cu-BTC@CHFs in aqueous solution
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To make full use of the biomaterials and the process more environmentally friendly,
we used high yield pulp (HYP) fiber as the substrate for Cu-BTC metal-organic
framework growth and water as the solvent. High yield pulp fiber is derived from
abundant plant resources and maintains most lignin and cellulose in raw materials,
which contain rich alcoholic and phenolic hydroxyl groups, can be a suitable substrate
for growth of Cu-BTC metal-organic frameworks. For the preparation of Cu-
BTC@CHFs in aqueous solution, we drew inspiration from the study of %71, they used
terephthalate salts as the linker source to synthesize several metal-organic frameworks
in water. Following this practice, we used sodium trimesic as the linker sources and
water as the solvent to prepare the Cu-BTC metal-organic framework.

Fig. 2-1 shows the schematic process of the present study, including
carboxymethylation of the fiber, followed by Cu?* ion binding and growth of Cu-BTC.
The process, designed to grow Cu-BTC metal-organic framework on the high yield
pulp fiber surface, is that the HYP fiber is first subjected to carboxymethylation process
so that the carboxylic group can be obtained; successively, the resultant fiber will be
utilized for Cu®" binding and then growth of Cu-BTC under different conditions and

layer-by-layer method, then freeze dried to get the final products.
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2.3.2 Carboxymethylation of high yield pulp fibers
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Fig. 2-2 ATR FT-IR spectra of carboxymethylated (a) and original (b) HYP fibers

Table 2-1 Carboxyl content of original and carboxymethylated HYP fibers

Samples Carboxyl content (mmol/kg)
Original HYP
50+1
CHFs 218+2
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In order to achieve the growth and immobilization of Cu-BTC onto HYP fiber, the
material was modified by a classical carboxymethylation process. This was
implemented by the reaction between lignocellulosic fiber and sodium chloroacetate
using sodium hydroxide as a catalyst, as shown in Fig. 2-1.

Carboxymethylation process was monitored by ATR FT-IR shown in Fig. 2-2. The
appearance of an absorbance peak at 1595 cm™ for carboxymethylated lignocellulosic
fiber indicates the presence of C=0 stretching band, which illustrates the formation of
carboxymethylated high yield fibers (CHFs). The results are consistent with carboxyl
contents of original and carboxymethylated HYP fibers, which increase from 50.08 +
1.13 mmol/kg to 217.55 + 2.46 mmol/kg, as shown in Tab. 2-1, the value is higher than
a previous report with 34.8 + 1.3mmol/kg of carboxyl contents of oxidized cotton (8],
Thus, a suitable substrate with the carboxylate group that could bind Cu?" and then

facilitates the growth of Cu-BTC is obtained.
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2.3.3 ATR FTIR spectra of Cu-BTC@CHFs prepared in different conditions and

growth layers
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Fig. 2-3 ATR FTIR spectra of Cu-BTC, CHFs, and Cu-BTC@CHFs with different

layers
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In order to confirm the presence of Cu-BTC in the prepared composites, the
chemical structure of Cu-BTC@CHFs prepared in different conditions was studied by
ATR FT-IR, as shown in Fig. 2-3 and Fig. 2-4. The sharp OH vibration at 3552 cm™!
and broad band of absorbed water at 3500 — 3200 cm™! indicate the presence of bound
water in Cu-BTC prepared in aqueous solution. The strong absorption bands are
observed at 1622 cm’!, 1365 cm™ 1095 cm™, and 725 cm™, which represent COO-
asymmetric, COO" symmetric vibration, C-H in-plane, and C-H out-of-plane bending
vibration, respectively, corresponding to BTC coordinated with copper % 1051151 A]]
these peaks can be found in the spectra of Cu-BTC and Cu-BTC@CHFs prepared in
different conditions, which confirm the formation and deposition of Cu-BTC on the
carboxymethylated high yield pulp fibers.

As shown in Fig. 2-4(a) and (b), samples of Cu-BTC@CHFs with 1 layer prepared
in different temperature and time show similar spectra, but the intensities of CH> groups
stretching vibration of fibers at 2883 ¢cm™! decreased with extending the preparation
time, indicating the preparation time has more effect on Cu-BTC depositing on CHFs
than temperature and Cu-BTC@CHFs can be prepared in room temperature. Fig. 2-3
shows the ATR FT-IR spectra of Cu-BTC@CHFs with different layers, the intensities
of CH, groups of fibers at 2883 cm™! decreased, the intensities of COO™ at 1622 c¢cm’!
(asymmetric) and 1365 cm™!(symmetric) and C-H at 1095 cm™! (in-plane) and 725 cm
! (out-of-plane ) of Cu-BTC increased with more deposition layers. This suggests that
the Cu-BTC film on high yield pulp fibers can be formed and intensified by the layer-

by-layer method.
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2.3.4 XRD patterns of Cu-BTC@CHFs prepared in different conditions and

growth layers
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Fig. 2-5 XRD spectra of Cu-BTC, CHFs, and Cu-BTC@CHFs with different layers
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Fig. 2-6 XRD patterns of Cu-BTC@CHFs prepared at different temperature (a) and
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Cu-BTC metal-organic framework was prepared by using Na;BTC as linker
source and water as the solvent instead of organic solvents such as dimethylformamide
and ethanol so that the spent liquor can be easily handling and processing. The
synthesized Cu-BTC blue powder was characterized by X-ray diffractometer, as shown
in Fig. 2-5 and Fig. 2-6. The major diffraction 26 peaks observed at 9.7°, 13.4°, 16.9°,
17.4°, 25.1°, 28.3° were associated with Cu-BTC P% 1951161 The presence of peaks at
9.2° and 10.9° and absence of peak at 6.5° indicated that the Cu-BTC prepared in
aqueous solution was a partially hydrolyzed phase of Cu-BTC prepared in organic
solvents, which is in accordance with the work of Al-Janabi et al. ("' and Alvarez et al.
[118] that the structure of crystal prepared in organic solvent will partially degrade when
exposed in water. The broad diffraction peaks of CHFs between 15° and 25° are
associated with amorphous cellulose, as shown in Fig. 2-5. Both characteristic peaks of
Cu-BTC and CHFs can be found in prepared Cu-BTC@CHFs, just with different
intensities and the weaker intensity at peak of 9.2° was caused by more time immersion
in the water, which further confirmed the growth of Cu-BTC metal-organic framework
onto modified HYP fibers.

The effect of preparation temperature and time on the growth of Cu-BTC on fiber
surface was also studied by XRD, as shown in Fig. 2-6 (a) and (b). It was noticed that
the peak intensities of Cu-BTC@CHFs increased with higher preparation temperature
and a longer period of time, but not significantly, which indicated more Cu-BTC
deposited onto fiber surface. Although increasing preparation temperature and time can

contribute to more Cu-BTC growing onto fibers, it will result in poor efficiency and
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more energy consumption. Therefore, the layer-by-layer method was conducted to
prepare Cu-BTC@CHFs, the XRD patterns were shown in Fig. 2-5. More characteristic
peaks of Cu-BTC were observed when increasing the growth layer, which overlapped
with the peaks of CHFs. This can be attributed to more Cu-BTC depositing onto fiber

surface and the formation of a thicker Cu-BTC film.

2.3.5 Morphology and deposit ratio analysis

Fig. 2-7 Optical image of CHFs and Cu-BTC@CHFs with different deposit layers

(1,2,4,6, from left to right)
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Fig. 2-8 SEM images of CHFs at (a) 500x and (b)1000%, Cu-BTC@CHFs with 6

layers at (c) 500x, (d) 1000x%, (e) 5kx, (f) 10kx, and (g) 100kx, and (h) EDS analysis
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Fig. 2-9 Deposit ratio of Cu-BTC onto CHFs in different preparation condition and

growth layers

Fig. 2-7 shows the optical image of CHFs and Cu-BTC@CHFs with different
deposit layers, the characteristic blue color of Cu-BTC confirmed its uniform
distribution on the fiber surface. The carboxymethylated high yield pulp fibers were
changed from yellow to deep blue gradually with increasing the growth layers from one
layer to six layers.

To further investigate Cu-BTC depositing on the fiber surface, SEM and EDS
analysis was performed on CHFs and Cu-BTC@CHFs with six layers, as shown in Fig.

2-8. The surface of carboxymethylated high yield pulp fibers showed a smooth surface,
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shown as Fig. 2-8 (a) and (b). Compared with unmodified CHFs, samples of Cu-
BTC@CHFs with 6 layers showed a rough surface, which indicated the Cu-BTC
crystals were deposited on fiber surface successfully, as shown in Fig. 2-8 (c) and (d).
As for Cu-BTC@CHFs composite at 5 kx and 10 kx in Fig 2-8 (e) and (g), the material
surface was covered with particles densely during the growth of Cu-BTC metal-organic
framework. These images clearly showed the formation of Cu-BTC crystal particles on
the fiber surface with a broad range of sizes. With higher magnification at 100 k in Fig.
2-8 (g), the morphology of prepared Cu-BTC showed a nanorod-like shape, which was
different from that made by common synthesis methods in organic solvents with a cubic
morphology and the size was also smaller. The Cu-BTC@CHFs composite was also
evaluated by SEM-EDS analysis using a copper probe, as shown in Fig 2-8 (h). The
EDS result clearly showed a high copper content on the substrate, which further
confirmed the growth of Cu-BTC onto the fiber surface.

The deposit ratio of Cu-BTC onto fiber surface prepared in different conditions
was also determined, as shown in Fig. 2-9. It revealed that the deposit ratio increased
slightly with raising the growth temperature and extending the growth time, but
increased dramatically with increasing the growth layers, which is in accordance with
the results of ATR FT-IR and XRD. When increasing growth temperature form R.T. to
75 °C and extending growth time from 10 min to 24 h, the deposit ratios increased from
17.33% to 24.53% and 24.75%, respectively, which was even little lower than the
deposit ratio of 2 layers for 26.17%. When continuing to increase the growth layer to

six, the deposit ratio was up to 68.59%. These results indicated that increasing growth
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time and temperature would enhance the deposit of Cu-BTC on fiber surface at a limited

range and increasing the growth layer would be a more effective way.

2.3.6 Stability and gas adsorption capacity analysis
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Fig. 2-10 XRD spectra of Cu-BTC@CHFs with 6 layers (a), immersion in water (b),

and methanol (c) at R.T. for 24 h
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Fig. 2-11 XRD patterns of Cu-BTC prepared in aqueous solution, and immersed in

water and methanol for 24 h at R.T., respectively

Table 2-2 Deposit ratio of Cu-BTC@CHFs with 6 layers and immersed in water and

methanol for 24 h

Samples Deposit ratio (%)
Cu-BTC@CHFs 68.59 +0.98
Immersed in water 67.00 +0.37
Immersed in methanol 65.99 £0.45
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For industrial practice, simple alcohols are usual solvents, so methanol and water
were used in this study to investigate the stability of prepared Cu-BTC@CHFs
composite. Samples of Cu-BTC prepared in aqueous solution and Cu-BTC@CHFs with
6 deposit layers of deposited MOFs were immersed in methanol and water for 24 h at
R.T. respectively, prior to XRD analysis. The stability of Cu-BTC prepared in water
was characterized by XRD, as shown in Fig. 2-11. After 24 h immersed in water and
methanol, both the characteristic peaks of Cu-BTC showed a little higher intensity
compared with the original as-prepared Cu-BTC, which can be attributed to that after
24 h immersion in water and methanol, some impurities were separated out and the
products became purer compared with the original product. Meanwhile, it showed that
at the given time (24 h), the product was stable in both water and methanol. And the
intensity of product immersed in water was also little higher than that of immersed in
methanol, which indicated water was more effective than methanol for purifying Cu-
BTC prepared in aqueous solution. Fig. 2-10 and Table 2-2 showed the XRD spectra
and deposit ratio of Cu-BTC@CHFs with 6 layers and immersed in water and methanol
for 24 h, respectively. As shown in Fig. 2-10, the XRD spectra showed similar peaks,
which meant the crystal structures remained the same after immersion in methanol and
water. Table 2-2 showed that both the deposit ratio of Cu-BTC immersed in water and
methanol for 24 h decreased slightly due to some crystals detaching from the composite
in water and methanol, but a little more significant in methanol. In addition, the
characteristic peaks of Cu-BTC@CHFs immersed in water showed a little higher

intensity than that of immersed in methanol, which further indicated the currently
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prepared Cu-BTC@CHFs composites were likely to be more stable in pure water than
methanol. This can be attributed to that the products were already immersed in water

for a long-time during synthesis and washing process and became stable in pure water.

Table 2-3 Specific surface area and pore volume of Cu-BTC, Cu-BTC@CHFs

with 6 layers and CHFs
BET Specific Pore volume
Samples
surface area (m%/g) (cm®/g)
Cu-BTC 43.782 0.253
Cu-BTC@CHFs 28.422 0.132
CHFs 1.997 0.028
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Fig. 2-12 Nitrogen adsorption isotherms of Cu-BTC, Cu-BTC@CHFs with 6 layers,

and CHFs

Larger specific surface area is one of the most important properties of metal-
organic framework porous material, so the gas adsorption capacity of prepared Cu-
BTC@CHFs with 6 layers was analyzed by nitrogen adsorption at 77 K, as shown in
Tab. 2-3 and Fig. 2-12. The synthesized Cu-BTC at aqueous solution had as a small
BET specific surface (43.782 m?*/g, Tab. 2-3), this could be explained by the fact that
Cu-BTC synthesized in water is a partially hydrolyzed phase of common Cu-BTC
synthesized in organic solvents, but the value is greatly higher than Zn-BDC metal-
organic framework synthesized in water with a specific surface area value of 11.98 m?*/g
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[198] 'As shown in Tab. 2-3, both BET specific surface area and pore volume of Cu-
BTC@CHFs increased significantly compared with unmodified CHFs contributed by
the growth of Cu-BTC crystal. As for the N> adsorption isotherms shown in Fig. 2-12,
the adsorption curves of Cu-BTC and Cu-BTC@CHFs increased rapidly beyond 0.9
p/po, indicating a remarkable capillary condensation effect on samples % The
adsorption capacity tendency of Cu-BTC crystals was higher than Cu-BTC@CHFs,
followed by unmodified CHFs, which was consistent with the tendency of specific
surface area and pore volume in Tab. 2-3. Thus, the gas adsorption capacity of Cu-
BTC@CHFs was promoted by growth of Cu-BTC onto fiber surface.

The synthesized Cu-BTC@CHFs composites in aqueous solution, making full use
of lignocellulosic fibers and easy for liquid waste treatment, equipped with a copper
element and certain specific surface area will have potential application with the
advantage of being more economical and environmental-friendly in antimicrobial and

adsorption, which should be further studied.

2.4 Conclusion

This work demonstrates a strategy of preparing Cu-BTC metal-organic framework
onto lignocellulosic fibers in aqueous solution by a layer-by-layer method. The
lignocellulosic fibers were first carboxymethylated to improve the number of
nucleation sites of Cu-BTC crystal growth, then using sodium trimesic as the linker
sources to synthesize Cu-BTC onto fiber surface in water by layer-by-layer method,

resulting in a uniform distribution of MOF on the fiber surface. The synthesized Cu-
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BTC in water was partially hydrolyzed phase of that prepared in organic solvents. The
deposit ratio increased slightly with raising growth temperature and extending growth
time but increasing remarkably with more growth layers. The prepared Cu-
BTC@CHFs composites were more stable in pure water than methanol due to the
longtime immersion of water-based synthesis and washing process. The specific surface
area of synthesized Cu-BTC@CHFs had a significant promotion compared with
unmodified fibers, showing a certain gas adsorption capacity, which can be further used

as a porous material.
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Chapter 3

A comparative study of depositing Cu-BTC metal-organic framework

onto cellulosic filter paper via different procedures

3.1 Introduction

Cellulosic fiber, derived from abundant plant resources, has received large
attention in various fields due to its versatility, low cost, low specific gravity,
sustainability, biodegradability, etc. [**12°) Among all kinds of cellulose-based materials,
cellulosic fiber is a potential high-value substrate, widely applied in many fields, such

121, 122

as super-capacitors ! 1 metal nanoparticles ['** 1241 and cationic polyelectrolytes

[125]

In recent years, several studies have been performed on depositing metal-organic
frameworks onto cellulosic fibers to mold MOF crystalline powder for specific
applications [*®). MOFs are a new sort of porous coordinate polymer with exceptionally
high surface area and tunable pore size ! !*!. To deposit MOFs on the cellulose fibers,
the hydroxyl groups of cellulose can be subjected to chemical modifications such as
carboxymethylation, TEMPO or hydrogen peroxide oxidation, resulting in negative
sites for anchoring metal ions and then the subsequent growth of MOFs.

However, the procedures for depositing metal-organic frameworks onto cellulose-
based materials varied a lot in different studies, which led to different end properties of

the resultant products. In the initial researches, a one-pot procedure was employed to
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immobilize metal-organic frameworks onto cellulose fibers. In these studies, either the
cellulose fibers were immersed in metal ions precursor for certain time then organic
linkers were added or the fibers were immersed in the solutions containing all required

72, 88,92, 105] 'However, this procedure was time-consuming (up to 24h), and

chemicals
had a lower MOFs deposition ratio. Moreover, the final products were not subjected to
any treatment to remove the unreacted chemicals.

Richardson et al. 1261 prepared MOFs layers around cellulose nanocrystal
filaments using an altered one-port procedure. The authors varied the ratio of precursors
using different raw materials and chemical dosages. To increase the deposit ratio of
MOFs crystals onto selected substrates and reduce the preparation time, some improved
procedures were performed, for instance, layer-by-layer procedure [1°% 1271 two-step
procedure (taking out the substrate from metal ions precursor before immersing in
organic linkers solution) %] and integrated procedure . The particle size and gas
adsorption capacity varied among these diverse preparation procedures, so a
comparative study concerning the preparation procedures of depositing MOFs onto
cellulose-based material substrate is necessary.

In this work, the key characteristics and properties of Cu-BTC metal-organic
frameworks deposited onto commercial filter paper prepared via four different
procedures (one-pot, two-step, LbL-org, LbL-wtr-org) were comparatively studied. The

prepared products were characterized by SEM, EDS, ATR FT-IR, and XRD. The

deposit ratio and gas adsorption capacity were also evaluated.
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3.2 Experimental Section
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Fig. 3-1 Schematic of depositing Cu-BTC onto carboxymethylated filter paper in

different procedures

3.2.1 Materials

Commercial qualitative filter papers (No. 2, 55 mm diameter, 132 g/m?) purchased
from Advantec, were used as received. Copper (II) acetate monohydrate
(Cu(OAc)2'H20), 1,3,5-benzene-tricarboxylic acid (H3BTC), sodium chloroacetate
(CICH2COONa), dimethylformamide (DMF), ethanol (EtOH), methanol (MeOH),
sodium hydroxide (NaOH), and methylene blue were purchased from FUJIFILM Wako

Pure Chemical Corporation, Japan. All chemicals were used as received without any
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further purification. Lab-made deionized water was used throughout all the experiments.

3.2.2 Carboxymethylation of filter paper

One piece of cellulosic filter paper was immersed in 30 mL 1 M sodium
chloroacetate solution prepared by 15% (w/v) sodium hydroxide solution for 2 h at 50
°C. The beaker was shaking and filter paper was turned over every 30 min to ensure
uniform carboxymethylation treatment. The carboxymethylated filter paper (CMP) was
then washed thoroughly with deionized water until the rinsed water reached a neutral
pH. Finally, the carboxymethylated cellulosic filter paper was air-dried at room
temperature. The carboxyl content determination of original and carboxymethylated

filter paper was performed by the methylene blue method, as described in part 2.2.

3.2.3 Preparation of Cu-BTC and Cu-BTC@CMP with different procedures

Cu-BTC metal-organic framework was prepared following a modified procedure
reported elsewhere %1, Briefly, Copper (II) acetate monohydrate (Cu(OAc).-H>0, 860
mg, 4.31 mmol) was mixed in 30 mL of DMF/EtOH/H>O (1:1:1), then 1,3,5-benzene-
tricarboxylic acid (H3BTC, 500 mg, 2.38 mmol) dissolved in 30 mL of the same solvent
was added and stirred at room temperature for 1 h. The final product was subjected to
a centrifugation-redispersion process using the same solvent as above for three times,
and vacuum dried at 50 °C for overnight.

Cu-BTC deposited onto carboxymethylated filter paper (Cu-BTC@CMP) was
prepared by different procedures, as shown in Fig. 3-1, described as follows,

(A): one piece of CMP was immersed in Cu(OAc)2-H>O (860 mg) mixed in 30 mL
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organic solution (DMF/EtOH/H>0, 1:1:1) for 80 min. Thereafter, H3BTC (500 mg)
dissolved in 30 mL of the same organic solution was added, reacting at R.T. for 80 min,
referred as one-pot procedure.

(B): one piece of CMP was immersed in Cu(OAc)2-H20 (860 mg) mixed in 30 mL
organic solution (DMF/EtOH/H20, 1:1:1) for 80 min, taken out and immersed in 30
mL MeOH for a 2 min wash, and then transferred to H3BTC (500 mg) dissolved in 30
mL of the same organic solution at room temperature (R.T.) for 80 min, referred as two-
step procedure.

(C): one piece of CMP was immersed in Cu(OAc)2-H20 (860 mg) mixed in 30 mL
organic solution (DMF/EtOH/H20, 1:1:1) for 10 min, taken out and immersed in 30
mL MeOH for 2 min wash, then transferred to H3BTC (500 mg) dissolved in 30 mL of
the same organic solution, at R.T. for 10 min and taken out, subjected to another 2 min
MeOH wash. The resultant product was subjected to this process 8 times, referred as
Layer-by-Layer-organic (LbL-org) procedure.

(D): one piece of CMP was immersed in 30 mL aqueous solution of
Cu(OAc)2'H20 (860 mg) for 10 min, taken out and immersed in 30 mL H>O for 2 min,
then transferred to H3BTC (500 mg) dissolved in 30 mL of organic solution
(DMF/EtOH/H>0, 1:1:1), reacted at R.T. for 10 min and taken out, immersed in 30 mL
MeOH for a 2 min wash. The resultant product was subjected to this process 8 times,
referred as Layer-by-Layer-water-organic (LbL-wtr-org) procedure.

All the products after preparation through different procedures were ultrasonically

treated for 2 min to remove unreacted chemicals and Cu-BTC not deposited on the
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fibers, and then immersed in water, DMF, EtOH for 30 min, respectively, vacuum dried
at 50 °C overnight.
The deposit ratio of Cu-BTC crystal grown onto carboxymethylated filter paper

was calculated by the weight difference between CMP and Cu-BTC@CMP.

3.2.4 Characterization

A Fourier transform infrared spectrometer with attenuated total reflectance (ATR)
mode (Nicolet 6700, Thermo Fisher Scientific Corp, Japan) under the scanning
condition of 128 scans at a resolution of 4 cm™ was used for each sample to obtain the
IR spectra. Crystalline phase analysis was performed in an X-ray diffractometer (XRD,
Rigaku Corp) using a Cu (A=0.15418) standard target, from 5° to 40° at a scanning
spend of 2.5°/min. The operational current and voltage were 40 mA and 40 kV
respectively. The surface morphologies of samples coated with platinum for 30 s were
observed by a Field emission scanning electron microscopy (FESEM, S4800, Hitachi,
Japan) with an energy-dispersive X-ray spectroscopy (EDS) accessary. The average
particle size was calculated manually by marking the crystal diameter length in ImageJ
software. Over 150 Cu-BTC crystals in one SEM image were used to calculate the
average particle size and particle size distribution. The gas adsorption capacity was
investigated by a surface area analyzer (NOVA 4200e, Quantachrome Instrument Corp).
The samples were degassed at 80 °C for 4 h and then the gas adsorption measurements

were performed using N> gas as the adsorption source at 77 K.
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3.3 Results and discussion

3.3.1 Carboxymethylation of cellulosic filter paper
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Fig. 3-2 ATR FT-IR spectra (top) and XRD patterns (bottom) of original (a) and

carboxymethylated (b) filter paper
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Table 3-1 Carboxyl content of original and carboxymethylated filter paper (CMP)

Samples Carboxyl content (mmol/kg)
Original filter paper 5+£0
CMP 150 £2

Cellulosic filter paper is a representative cellulose-based material that contains
abundant hydroxyl groups, which can be carboxymethylated as a substrate for Cu-BTC
metal-organic framework growth. This was conducted by a classic carboxymethylation
of filter paper with sodium chloroacetate using sodium hydroxide as the catalyst. The
resultant carboxymethylated filter paper cellulose surface was functionalized with
carboxyl groups, which was confirmed by IR spectra and XRD patterns compared to
unmodified filter paper, as shown in Fig. 3-2. An absorbance peak at 1593 cm™! was
found in the ATR FR-IR spectrum of carboxymethylated filter paper, indicating the
presence of C=O stretching band. The result was in accordance with the carboxyl
content of original and carboxymethylated filter paper, which increased from 5.16 +
0.15 to 148.98 + 1.75 mmol/kg, as shown in Table 3-1. Besides, in XRD patterns, the
characteristic broad peaks at 2 theta around 15° and 22° of cellulose I were detected,
which illustrates that the main component of filter paper cellulose remained intact [1%),

Therefore, a suitable material modified with negative carboxylate sites as the

substrate for binding Cu** and then an accelerated growth of Cu-BTC was obtained.
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3.3.2 Morphology analysis and deposit ratio
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Fig. 3-3 SEM images of (a) one-pot synthesis at 400x with inset at 5k, (b) two-step

procedure at 400x with inset at SkXx, (c-1) LbL-org at 400%, (c-2) LbL-org at 2kx with

inset at 10kx, (d-1) LbL-wtr-org at 400x%, and (d-2) LbL-water-org at 2kx with inset at

10kx; (e) and (f) particle size distribution of LbL-org and LbL-wtr-org
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Table 3-2 Deposit ratio of Cu-BTC onto carboxymethylated filter paper prepared by

different procedures

Procedures Deposit ratio (%)
One-pot 1.31 £0.06
Two-step 4.23+0.63
LbL-org 3149+ 3.46

LbL-wtr-org 39.38 £ 1.11

The characteristic blue color of Cu-BTC metal-organic frameworks was
distributed uniformly on the filter paper surface, but different color intensities were
obtained through different preparation procedures, (as shown in Fig. 3-1 products
column). With one-pot procedure, the color of carboxymethylated filter paper changed
from white to mild light blue, which is in accordance with a previous research on
depositing Cu-BTC onto carboxymethylated cotton surface %], With the two-step
procedure, the color turned light blue, however, with LbL-org and LbL-wtr-org
preparation procedures, Cu-BTC@CMP showed a dark blue color.

The Cu-BTC@CMP samples prepared via different procedures were further
characterized by SEM and EDS, as shown in Fig. 3-3 and Fig. 3-4, respectively. The
surface of sample prepared by one-pot procedure showed almost no Cu-BTC crystals,
while the sample prepared by two-step procedure with the same chemical utilization

showed obvious Cu-BTC crystals on the filter paper surface, as shown in Fig. 3-3(a)
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and Fig. 3-3(b). Therefore, it can be assumed that the Cu-BTC crystals have a tendency
to grow in the main solution rather than on the paper substrate surface with the
precondition of the same chemical dosage, although the negatively charged filter paper
substrates can immobilize the positively charged Cu®* precursors. This result was
consistent with the growth Cu-BTC on porous a-Alumina substrate !9, To further
apply this supposition and achieve a higher amount of Cu-BTC crystals deposition, a
layer-by-layer procedure was used (LbL-org). Compared with one-pot and two-step
procedures, the layer-by-layer preparation procedure of Cu-BTC@CMP products
showed a remarkable mass of Cu-BTC crystals on the filter paper fiber surface, which
were distributed densely and uniformly, as shown in Fig. 3-3(c-1) and Fig. 3-3(c-2) with
different magnifications. Both the Cu?* and BTC?* solutions were mainly organic
solvents (DMF and EtOH), but the actual reaction was performed in BTC*" solution and
the Cu(OAc)2-H20 was more easily dissolved in water. So, in order to reduce the dosage
of organic solvents, we dissolved Cu®" in deionized water and BTC>" in organic solvents
and prepared the products using layer-by-layer procedure (LbL-wtr-org), as described
in the experimental part. The SEM images of LbL-wtr-org sample with various
magnifications are shown in Fig. 3-3(d-1) and Fig. 3-3(d-2). As with the samples
prepared by LbL-org procedure, the carboxymethylated filter paper surface was densely
covered with a large mass of Cu-BTC crystals, but the surface was rougher. The particle
size of products prepared by LbL-org procedure (0.284um) was smaller than that by
LbL-wtr-org procedure (1.473 pm), as shown in Fig. 3-3(d) and Fig. 3-3(f). It indicates

that the particle size distribution of LbL-org was more concentrated, with uniformly

66



distributed Cu-BTC crystals on the substrate surface compared to the LbL-wtr-org
procedure.

The larger size of Cu-BTC crystals deposited on the substrate prepared by LbL-
wtr-org procedure can be explained by a relatively higher water content on the Cu-BTC
crystals forming sites. In the Lbl-wtr-org procedure, the filter paper is immersed in Cu**
aqueous solution for 10 min and washed in water for 2 min in each growth circle. Due
to this treatment, even after taking the paper out of water, a small amount of water may
still remain attached on the paper surface. When reacting with BTC?" in the organic
solution, a higher water content will result in larger size of Cu-BTC crystals 1?1,

The products prepared by different procedures were also characterized by SEM-
EDS analysis using a copper element probe, as shown in Fig. 3-4, as well as the deposit
ratio of Cu-BTC onto the paper surface, as shown in Table 3-2. The EDS result clearly
showed a much higher copper content in the LbL-org and LbL-wtr-org products,
compared to one-pot and two-step products, which further confirmed a larger amount
of Cu-BTC deposited on the paper substrate prepared by layer-by-layer method. The
difference of deposited amount between one-pot and two-step procedures, as well as
between LbL-org and LbL-wtr-org procedures was too small, so it’s difficult to indicate
the difference in EDS analysis, as shown in Fig. 3-4(a) and (b), as well as Fig. 3-4(c)
and (d). The deposit ratio results in Table 3-2 showed that when using two-step
procedure, the deposit ratio increased from 1.31% in the one-pot procedure to 4.23%,
but a remarkable yield increase was achieved in layer-by-layer procedures, reaching up

to 31.49% in LbL-org and 39.38% in LbL-wtr-org, respectively. The deposit ratio result
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of each preparation procedure was corresponding to other studies, for instance, 0.88%
of copper element weight using one-pot procedure 1%, 80 mg/g (8%) of Cu-BTC
weight using two-step procedure [*), 31.64% of Cu-BTC weight using layer-by-layer
procedure 1%l Although the studies employed different cellulose-based substrates,
pretreatment of the materials, preparation time, and rinse procedures, the values of
deposit ratio agreed with our results. Cu?>" ion is more easily to be anchored on
carboxymethylated filter paper surface in aqueous solution, which explains the higher
deposit ratio of products prepared by LbL-wtr-org procedure than that of LbL-org

procedure.
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3.3.3 IR analysis
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Fig. 3-5 ATR FT-IR spectra of CMP, Cu-BTC and Cu-BTC@CMP prepared by

different procedures

In order to further prove the presence of Cu-BTC crystals deposited on
carboxymethylated filter paper and compare the difference of products prepared by
different procedures, the chemical structure analysis was conducted by ATR FT-IR, as
shown in Fig. 3-5. The IR spectrum of Cu-BTC displayed the characteristic bands at

1633 cm™, 1369 cm’!, 1101 cm™, and 728 cm™', which can be attributed to COO"
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asymmetric, COO™ symmetric bending vibration, C-H in-plane, and C-H out-of-plane
bending vibration, respectively, which are consistent with BTC™ coordinated with Cu**
[90. 1051 " All these characteristic peaks overlapped with IR spectra of CMP in Cu-
BTC@CMP composites prepared by different procedures, especially in LbL-org and
LbL-wtr-org products, which confirm the successful preparation of Cu-BTC@CMP
composites.

As shown in Fig. 3-5, spectra of samples prepared by one-pot and two-step
procedures present very weak absorbance intensity in characteristic peaks of Cu-BTC,
but strong absorbance intensity at around 3300 cm™ and 2800 cm™, contributed by -OH
and C-H in cellulose, especially in the spectrum of sample prepared by one-pot
procedure. However, samples prepared by LbL-org and LbL-wtr-org procedures show
strong absorbance characteristic peaks of Cu-BTC and very weak absorbance intensity
of cellulose, and the absorbance intensity of LbL-wtr-org product is stronger than that
of LbL-org product. These results suggest that Cu-BTC crystal deposited on
carboxymethylated filter paper can be reinforced by a two-step preparation procedure

and further enhanced remarkably by the LbL-wtr-org preparation procedure.
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3.3.4 XRD analysis
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Fig. 3-6 XRD spectra of CMP, Cu-BTC, and Cu-BTC@CMP prepared by different

procedures

The XRD patterns of Cu-BTC, CMP, and Cu-BTC@CMP are shown in Fig. 3-6.
The CMP sample presents characteristic peaks of cellulose I, as discussed in the
carboxymethylation of filter paper part. Characteristic 20 peaks at 6.6°, 9.4°, 11.5°,
13.3°,17.4°, 18.9°,25.7°, and 29.1° are contributed by Cu-BTC crystals 1. In terms of
Cu-BTC@CMP prepared by different procedures (except one-pot procedure), both

characteristic peaks of Cu-BTC and CMP can be found, which confirms the growth of
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Cu-BTC onto carboxymethylated filter paper.

It was also noticed that the peak intensity of the two-step procedure is more
significant compared to the one-pot procedure, which is almost the same as the XRD
pattern of CMP. In addition, Cu-BTC@CMP prepared by layer-by-layer method
exhibited a remarkable increase of XRD peak intensity, as shown in Fig. 3-6 (LbL-org
and LbL-wtr-org), especially in the spectrum of LbL-wtr-org sample, which can be
attributed to more Cu-BTC crystals deposited onto the filter paper surface. Therefore,
the XRD results are in accordance with the analysis of ATR FT-IR and SEM, which
further confirms the presence of Cu-BTC crystals onto CMP surface, LbL-wtr-org
procedure will yield higher amount of Cu-BTC onto the paper substrate while reducing

the use of chemicals and organic solvents.
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3.3.5 Gas adsorption capacity analysis
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Fig. 3-7 Nitrogen adsorption isotherms of Cu-BTC, CMP, and Cu-BTC@CMP

prepared by different procedures
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Table 3-3 BET specific surface area, pore volume, and pore diameter of Cu-BTC,

CMP, and Cu-BTC@CMP prepared by different procedures

BET specific Pore volume Pore diameter

Samples
surface area (m%/g) (x102cm?/g) (nm)
Cu-BTC 5.63x10? 41.0 14.2
LbL-wtr-org 1.59x10? 3.20 3.93
LbL-org 1.27x10? 3.80 3.69
Two-step 20.2 2.40 3.38
One-pot 0.290 0.600 3.19
CMP 0.170 0.400 3.37

As a typical porous material, large specific surface area is one of the most
significant characteristics of metal-organic frameworks, hence the gas adsorption
properties of Cu-BTC@CMP prepared by different procedures, CMP, and Cu-BTC
crystal were investigated by N> adsorption analysis, as shown in Fig. 3-7 and Table 3-
3. The nitrogen adsorption isotherms were tested at 77 K, indicates that both Cu-BTC
crystal and Cu-BTC@CMP present a type I adsorption isotherm. The adsorption curves
show a significant increase after 0.9 (P/Po), which was contributed by the capillary
condensation effect on samples '"”. The Cu-BTC crystal has the highest adsorption
capacity, followed by Cu-BTC@CMP prepared by LbL-wtr-org procedure, LbL-org
procedure, two-step procedure, one-pot procedure, and CMP respectively. This order

was related to the specific surface area, as shown in Table 3-3. The gas adsorption
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capacity increase of Cu-BTC@CMP was contributed by Cu-BTC crystals deposited on
the filter paper surface. The Cu-BTC@CMP prepared by LbL-wtr-org procedure has
the highest gas adsorption ability compared to other preparation procedures and CMP
because of higher deposition of Cu-BTC, as discussed in morphology and deposit ratio
part. In terms of pore volume and diameter, due to the large difference of specific
surface area contributed by Cu-BTC deposition, both the composites prepared by LbL-
wtr-org and LbL-org procedures are greater than those prepared by two-step and one-
pot procedures. It should also be noticed that the pore diameter of the composite
prepared by LbL-wtr-org is greater than that of LbL-org, but pore volume is smaller,
which can be interpreted by the particle size of the Cu-BTC prepared by these two
procedures, as shown in Fig. 3-3. The smaller particle size of products prepared by LbL-
org procedure resulted in smaller pore diameter and greater pore volume, but a much
greater deposit ratio of products prepared by LbL-wtr-org procedure resulted in a higher
specific surface area, as shown in Table 3-2 and Table 3-3.

Cu-BTC@CMP prepared by combining two separate steps, layer-by-layer, and
water-organic procedure (LbL-wtr-org) has the highest gas adsorption capacity for
cellulose-based material as a substrate for metal-organic frameworks deposited while
saving chemicals and organic solvents, thereby, having maximum potential in high-

valued cellulose products and adsorption fields.

75



3.3.6 Conclusions

This study systematically investigated the key characteristics and properties of Cu-
BTC MOFs deposited onto cellulose filter paper prepared via four different procedures,
one-pot, two-step, LbL-org, and LbL-wtr-org. The carboxymethylation treatment of
cellulose filter paper would improve carboxylate negative sites for anchoring Cu?" and
then enhance the Cu-BTC crystal growth. With the same chemical dosage and reaction
time, different deposit ratios were obtained: 1.31% for one-pot, 4.23% for two-step,
31.49% for LbL-org, and 39.38% for LbL-wtr-org, respectively. The Cu-BTC crystals
tended to grow in the main solution rather than on the substrate surface and the layer-
by-layer method would contribute to a remarkable amount increase of MOFs depositing
onto the substrate surface. Compared to the LbL-org procedure, Cu-BTC@CMP
prepared by LbL-wtr-org procedure presented a larger particle size, rougher surface,
but higher amount of crystals due to the aqueous solution of copper ion precursor. The
products prepared by the LbL-wtr-org procedure showed the highest gas adsorption
capacity (1.59x10%> m?/g of BET specific surface area), which will be an optimal
pathway for the preparation of MOFs deposited onto cellulose-based material with the

advantages of saving organic solvents and best gas adsorption ability.
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Chapter 4

Overall Summary

4.1 Cu-BTC onto lignocellulosic fibers by layer-by-layer method in water

Lignocellulosic fiber material as a substrate was used for immobilizing Cu-BTC
metal-organic framework (MOF), the composite was strategically synthesized using
trimesic salts as linker sources. The growth of Cu-BTC onto lignocellulosic fiber was
conducted in aqueous solution by a layer-by-layer method, and the effect of preparation
temperature, time, and number of layers of Cu-BTC deposition was also investigated.
The products were characterized by ATR FT-IR, XRD, and SEM. The results showed
that the as-prepared Cu-BTC in water was partially hydrolyzed phase of Cu-BTC
prepared in organic solvents. Cu-BTC metal-organic frameworks were homogeneously
immobilized on carboxymethylated high yield pulp fibers (CHFs). Increasing the
growth temperature and time would enhance the deposit of Cu-BTC onto fiber surface
slightly, however increasing the growth layers would promote the deposit ratio
significantly (from 26.17% to 68.59%, 2 layers to 6 layers). The specific surface area
of synthesized Cu-BTC@CHFs had a distinct promotion compared with unmodified

fibers, showing a certain gas adsorption capacity.
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4.2 Cu-BTC deposited onto cellulosic filter paper via different procedures

Cellulose-based material has been increasingly used as a suitable substrate for
depositing metal-organic frameworks (MOFs) in recent years. In this work, MOFs (Cu-
BTC) were deposited onto carboxymethylated filter paper (CMP) using four different
preparation procedures: one-pot, two-step, layer-by-layer-organic (LbL-org), and layer-
by-layer-water-organic  (LbL-wtr-org). The products (Cu-BTC@CMP) were
comparatively characterized by SEM, ATR FT-IR, XRD, and BET specific surface area
analyses. The Cu-BTC crystals were immobilized on the CMP surface, where different
deposit ratios (1.31% for one-pot, 4.23% for two-step, 31.49% for LbL-org, and 39.38%
for LbL-wtr-org, respectively) were obtained when different preparation procedures
were used under the precondition of the same chemical dosage and reaction time. The
Cu-BTC crystals were found to grow in the main solution rather than on the substrate
surface and the layer-by-layer method would contribute to a remarkable quantity of
MOFs depositing onto the substrate surface. The crystals on Cu-BTC@CMP surface
prepared by LbL-wtr-org procedure presented a much larger particle size and rougher
surface compared to those prepared by the LbL-org procedure due to the aqueous
solution of copper precursor. Depositing more Cu-BTC onto CMP surface also
endowed the composite prepared by LbL-wtr-org procedure with the highest gas
adsorption capacity (1.59x102 m?/g of BET specific surface area). Hence, the LbL-wtr-
org procedure will be an optimal pathway for depositing metal-organic frameworks
onto cellulose-based materials with the advantages of saving organic solvents and best

gas adsorption ability.
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Chapter 5

Recommendations for future work

The main objective of this thesis was to develop green synthesis and optimum
routes for deposition metal-organic frameworks onto cellulosic materials. As with any
work where new insights are studied, there are still lots of opportunities to explore the
research of MOFs integrated with cellulosic materials, such as:

(1) Growth of MOFs within the porous cellulosic materials to improvement or
functionalization of raw material, for instance, wood or other agricultural residue with
tunable removal of lignin.

(2) The mechanical effect and mechanism after MOFs growth on the cellulosic
substrates should be investigated, few studies are found in this direction.

(3) Exploring the specific applications of MOFs/Cellulosic materials composites

based on different forms of cellulosic materials.
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