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ABSTRACT

DEPOSITION OF Cu-BTC ON PULP AND TEXTILE FIBERS FOR
SENSOR APPLICATION

Cu-BTC is synthesized from Copper(ll) nitrate and benzene-1,3,5-tricarboxylic
acid and it is one of the most common metal organic framework which is used for
catalysis, sensing, controlled release, separation and storage processes. The application
areas of Cu-BTC could be increased by deposition on different surfaces. Cu-BTC is
positively charged and to deposit Cu-BTC on a surface, the surface must have negative
charge. The most common natural material with negative charge is cellulose. Raw pulp
fibers, cotton and viscose fabrics are rich in terms of cellulose, so they were used as

cellulose source.

The aim in this study is to deposit Cu-BTC on pulp fibers, cotton and viscose
fabrics and then, to investigate their sensing properties. In order to investigate whether
Cu-BTC was deposited on cotton, pulp, and viscous fibers or not, a characterization study
was carried out to investigate their properties. In this context, XRD, SEM, FT-IR, ATR-
IR analysis were performed. As a result of the characterization study, it was concluded
that the Cu-BTC was deposited on the pulp, cotton fibers, and viscous successfully. The

Cu-BTC deposited substrates showed sensing activity against humidity and NH3 gas.



OZET

SENSOR UYGULAMASI ICIN Cu-BTC’NIN KAGIT VE TEKSTIL
LIFLERINDE BIRIK TIRILMESI

Cu-BTC, Bakur (II) nitrat ve Benzen-1,3,5-trikarboksilik asitten sentezlenir ve
kataliz, duyarlilik (belirli gazlara kars1), kontrollii salinim, ayirma ve depolama islemleri
i¢in kullanilan en yaygin metal organik yapilardan biridir. Cu-BTC'nin uygulama alanlari
farkli ylizeylere tutturulmasiyla arttirilabilir. Cu-BTC pozitif yiikliidiir ve bir ylizeyde Cu-
BTC'nin tutunabilmesi i¢in ylizeyin negatif yliklii olmas1 gerekir. Negatif ytikli en yaygin
dogal malzeme seliilozdur. Ham kagit hamuru lifleri, pamuk ve viskon kumaslar seliiloz

acisindan zengindir, bu nedenle seliiloz kaynagi olarak kullanilmistir.

Bu c¢alismada, Cu-BTC'nin pamuk, kagit hamuru ve vorteks lifleri iizerine
tutturulmas1 amaglanmis ve daha sonra asensor ozellikleri arastirilmistir. Cu-BTC'nin
kagit lifleri, pamuk ve viskon kumaslar tizerinde tutunup tutunmadigini arastirmak ve
ozelliklerini arastirmak icin bir karakterizasyon g¢alismasi yapilmistir. Bu kapsamda
XRD, SEM, FT-IR, ATR-IR analizleri yapildi. Karakterizasyon g¢aligmasi sonucunda,
Cu-BTC'nin kagit hamuru, pamuk ve viskon kumaslar iizerinde basarili bir sekilde
tutundugu sonucuna varilabilir. Cu-BTC tutunan bu malzemeler nem ve NH3z gazina kars1

duyarhilik géstermistir.
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CHAPTER 1

INTRODUCTION

Metal-organic frameworks (MOFs) which are prepared in the form of one, two or
three-dimensional networks using inorganic salts and multidentate organic linkers have
recently gained considerable attention due to their large surface areas, large internal pore
volume and ability to bear various functionalities. Due to these reasons, MOFs have a
wide range of application areas such as gas storage, adsorption/separation, and catalysis.
They could be prepared in some various forms such as beads, pellets and thus, a low-
pressure drop and high performance could be obtained in the industrial applications. The
complete usage of the inner surface of MOFs could be obtained by the deposition of
MOFs on suitable substrates rather than the encapsulation of them decreases if
encapsulated (Siegle and Kaskel, 2009; Abdelhameed et al., 2017).

MOFs are deposited on several different surfaces in literature. Cui et al. (2009)
studied MOF films on stainless steel fibers for the solid-phase microextraction of volatile
and harmful benzene homologs (Cui et al., 2009). Yehia et al. (2004) synthesized matrix
membranes by mixing poly(3-acetoxyethylthiophene) and MOFs and the synthesized
MOFs provided selectively methane adsorption (Yehia et al., 2004). Keskin and Sholl
(2010) also reported that the addition of particles to a polymeric matrix represents an
important method for enhancing the performance of these polymeric materials for
potential applications in gas separation processes (Keskin and Sholl, 2010). Kaskel et al.
(2011) studied the immobilization of Cu-BTC (MOF-199) in polymers (polystyrene,
polyvinylpyrrolidone, and polyacrylonitrile) by electrospinning to obtain composite
fibers with MOF particles (Kaskel et al., 2011).

MOFs can be deposited on the several surfaces by various methods which are
mainly solvothermal method, colloidal deposition, layer-by-layer (LBL) liquid phase
epitaxy, and microwave-assisted thermal deposition. Among these methods, LBL is an
important method to obtain MOF deposited surfaces which are used for selective
separations and sensors (Nijem et al., 2015). Different types of MOFs such as Ln-MOF,

ZIF-8 can be used in sensor applications. One of the most widely studied MOF is Cu-



BTC (copper benzene tricarboxylate), also known as MOF 199 or HKUST-1. For
instance, Pinto et al. (2012) synthesized Cu-BTC and the synthesized Cu-BTC was
attached on the surface of cellulosic fibers chemically. Cu-BTC has open metal sites so
that it can provide high storage capacities for gases like hydrogen and methane (Pinto et
al., 2012). Thus, Cu-BTC could be used as a gas sensor. Besides, MOF199 consists of
dimeric cupric tetracarboxylate units with a short Cu—Cu internuclear separation since it
has a blue color, so the deposition of it on to the cellulosic substrates can be verified by

optically (Pinto et al., 2012).

The aim of this study is to synthesize Cu-BTC and its deposition on different
materials such as pulp fiber, cotton fabric, and viscose fabric for sensing activities. These
materials consist of cellulose which is an abundant material in nature. Among these
materials, cotton fabric has less carboxylic groups than the others. In order to increase the
carboxylic groups of cotton fabric carboxymethylation process is carried out.
Consequently, carboxymethylated cotton fabric, pulp fiber and viscose fabric have
abundant carboxylic groups to deposite Cu-BTC on their surfaces. Additionally, pulp
fibers have very high flexibility and could be easily molded into sheets by various
inexpensive methods. Because of these reasons, these materials were chosen to test the
sensing activity of Cu-BTC. The characterization study of Cu-BTC deposited materials
is carried out by XRD, SEM, FT-IR and ATR-IR analysis to investigate the crystalline

structure, surface morphology and framework vibration of all samples, respectively.



CHAPTER 2

METAL ORGANIC FRAMEWORKS (MOFs)

Metal-organic frameworks (MOFs), which are also called as porous coordination
polymers (PCP), are compounds of metal ions or clusters coordinated to organic ligands
to form one, two or three-dimensional structures. The structure and properties of MOFs
depend on the choice of metal and binder molecule (organic molecules) (Batten et al.,
2013).

MOFs are highly porous compounds with vast internal surface areas
(Tranchemontagne, D. et al., 2009). The diversity of metal ions, organic linkers, and pore
geometry provide nearly an infinite number of combinations. The usage areas of MOFs
have been recently increased since they have well-defined pore sizes, extremely high
permanent porosity, significant thermal stability and the ability to design pore geometry
and chemical functionality (Luebbers, M. Et al., 2010).

MOFs can be used for catalysis, adsorption, gas separation, gas purification, gas
storage, drug delivery, and sensing activity. MOFs have a porous structure with tunable
sizes and also their chemical structures can be adjusted so that they are suitable for gas
separation and gas storage, particularly hydrogen, methane and carbon dioxide. Hydrogen
is one of the most important substances. Hydrogen is a clean energy source and an
important reactant in various chemical processes in industry. The storage of hydrogen is
the biggest difficulty. In order to overcome that difficulty, MOFs provide a solution.
MOFs can generally store hydrogen by van der Waals interactions but using metal nodes
which can adsorb hydrogen via metallic bonding to these porous structures increases
storage capacity and effectiveness greatly (Yamauchi et al., 2009). In order to obtain the
maximum performance from MOFs by increasing their physisorption forces, the
structure, pore chemistry and pore sizes of MOFs are adjusted. Besides, the addition of
metal and metal oxide particles to MOFs showed great potential for the separation of

noble gases (Rowsell and Yaghi, 2005).

Almost 90 % of the processes in the chemical industry is carried out in the

presence of the catalysts which are generally metals. However, the metal catalysts need

3



support materials to become more active and stronger catalysts for some chemical
processes. So, the choice of suitable support material has a great importance (Astruc et
al., 2005). Nanoparticles are generally used as catalysts due to their high surface area-to-
volume. However, using nanoparticles as catalysts has some drawbacks which are a
tendency to aggregate, low recyclability and the difficulty of recovering the particles from
the reaction media. In order to overcome these drawbacks, the supporting materials
should be porous with certain pore characteristics to improve the selectivity of the
reaction and they should be easily removed from the reaction media. In that respect,
MOFs are one of the best support materials because of their tailorable pore size, adjustable
surface structure. MOFs can be used as catalyst supports in some reactions; for instance,
oxidation of hydrocarbons and alcohols, oxidation of CO, hydrogenation of olefins,
hydrogen generation and carbon-carbon coupling. For example, MOF-5 was used as a
supporting material and Au was deposited on it. The Au deposited MOF-5 was used as a

CO- gas sensor (Falcaro et al., 2016).

MOFs can also be used for sensing in plenty of applications such as; medical
diagnostics, food/drink quality control, pollutants detection etc. because these
applications need sensors to detect specific elements or molecules with high selectivity.
If the target molecules interact with certain MOFs, then their photophysical, electrical or
mechanical properties change (Xiao et al., 2011). Tailoring the pore size and chemistry
MOFs can be made to have this kind of selectivity to be used as sensors. Using them as
host for other sensors such as metal nanoparticles have created great potential in sensor
applications. Among these applications, the most promising ones are; size-selective
sensors, gas-selective sensors, ion-selective sensors and photonic crystal sensors (Falcaro
et al., 2016).

Molecular delivery is another important usage area of MOFs. The focus of the
controlled release is to optimize attractive forces between the framework and the loaded
molecule. The biggest challenge in the controlled release is the spontaneous release of the
guest molecules from MOFs. To overcome this problem focusing on the molecular
diffusion which is the driving force of the delivery system. To adjust the concentration of
guest molecules in the pores and the external environment have great importance in this
process as molecular diffusion is all about equilibrium. (Horcajada et al., 2005; Cunha et
al., 2013).



2.1. Copper Benzene Tricarboxylate Cu-BTC (MOF 199 or HKUST-1)

In this study, Cu-BTC (copper benzene tricarboxylate), also called as MOF 199
or HKUST-1, was chosen to study sensing activity. Cu-BTC consists of copper nodes,
including 1,3,5-benzenetricarboxylic acid struts and its density is about 1.2 g/cm?®. Cu-
BTC is mostly used for gas storage, sensor, and separation applications. The adsorption
behavior of Cu-BTC was investigated for CO2, Hz and sulfur compounds. The structure
of Cu-BTC is shown in Figure 2. 1.

Figure 2. 1. Structure of Cu-BTC

Cu-BTC can be synthesized by the conventional synthesis which is carried out by
conventional electric heating without any parallelization of reactions. One of the main
parameters is reaction temperature for conventional synthesis. Depending on the reaction
temperature, conventional synthesis can be divided into two main groups which are
solvothermal and nonsolvothermal reactions. While non-solvothermal reactions can
occur below or at the boiling point and under ambient pressure, solvothermal reactions

may take place at room or elevated temperatures.

The compositional parameters such as molar ratios of starting materials, pH, type
of solvent, and the process parameters such as reaction time, temperature, and pressure
are varied for the synthesis of Cu-BTC. In order to investigate the effect of these
parameters on the size, shape, and structure of Cu-BTC, the high-throughput (HT)
methods for solvothermal syntheses has been recently developed (Stock et al., 2012).

Ex situ and in situ methods are used to investigate the crystallization mechanism
and to optimize the synthesis conditions. The crystal size of the final product can be

adjusted by these methods. While in situ studies require the use of special equipment and



synchrotron radiation, ex-situ studies do not need any special equipment and can easily
be conducted in laboratory (Stock et al., 2012).

In addition to these methods, alternative synthesis methods which are microwave-
assisted, electrochemical, mechanochemical, and sonochemical have recently been
developed. Microwave-assisted synthesis depends on the interaction of electromagnetic
waves with mobile electric charges which could be polar solvent molecules/ions in a
solution or electrons/ions in a solid. When the appropriate frequency is applied, the
collision between the molecules will occur, which cause an increase in Kinetic energy. It
is an energy efficient method of heating because of the direct interaction of the radiation
with the solution/reactants. The electrochemical method is a facile and environmentally
friendly approach to control the reactant concentration over a period of time. In addition,
by controlling the anodic oxidation, different rates of metal ions can be added to the
solution. In mechanochemical method, the mechanical breakage of intramolecular bonds
is followed by a chemical transformation. In sonochemical method, a chemical change
takes place in the reaction mixture depending on the application of high-energy
ultrasound irradiation from 20 kHz to 10 MHz. The homogenous nucleation centers occur
by the ultrasound irradiation, so that Cu-BTC crystallization time can decrease (Pirzadeh
etal., 2017; Stock et al., 2012).

2.1.1. Application of Cu-BTC

Cu-BTC can be used for catalysis, adsorption, gas separation, gas purification, gas
storage, drug delivery, biomedical and sensor applications (Neufeld et al., 2015; Cejka,
J., 2012). In literature, there are many studies about the applications of Cu-BTC and some
of them will be summarized in this section and the sensor applications will be explained
in the next section.

Cu-BTC can be used as a catalyst for the CO oxidation and Cu-BTC show
complete conversion of CO at 140 °C (Yang et al., 2018). Additionally, Cu-BTC can be
used as an adsorbent to capture CO». For instance, Nobar synthesized Cu-BTC at a modest
reaction temperature and duration by applying pre-mixing to the precursor solutions. The
most stable Cu-BTC was obtained when the precursors were highly diluted and it showed

stable CO> adsorption capacity. In another study, Cu-BTC was used as an adsorbent for



the hydrogen purification and the effect of adsorption pressure and flow rate on the
breakthrough process, and adsorption pressure, feeding time and feeding rate in four-step
PSA cycles for hydrogen purification performance are investigated. According to the
parametric study results, when higher adsorption pressure (7 bar), shorter feeding time
(192 s) and lower feeding flow rate (2.46x10™* mol/s) were used, higher hydrogen purity
could be obtained. However, lower recovery and productivity was observed at these
conditions. In literature, there are many studies about the Cu-BTC for the controlled
release of drugs. For instance, 5- fluorouracil (FU, which is a drug) was incorporated in
Cu-BTC and its slow delivery from the Cu-BTC was investigated. The optimum
proportion of 5-FU and Cu-BTC was found as 0.82 g:1.0 g and a slow release profile was
observed when the 82 % of the drug was released from Cu-BTC in 48 hours (Lucena et
al., 2013).

2.2. Chemical Sensing

The detection of toxic chemicals is a significant issue to protect people to prevent
the inhalation of toxic chemicals. If the toxic chemicals were not detected, then many
people could be affected from the toxic chemicals. MOFs have chemical sensing
properties and they could be used to detect several hazardous gases such as ammonia,
chlorine, cyanogen chloride, hydrogen sulfide, nitrogen dioxide, nitrogen oxide, sulfur
dioxide, phosphine, arsine, radon. Volatile organic compounds (VOCs) could also be
detected by MOFs. For example, cyclohexane, benzene, toluene, p-xylene, o-xylene, m-
xylene, ethylbenzene, halogenated and noncyclic hydrocarbons could be detected by
MOFs (Woellner et al., 2018).

Cu-BTC has ability to interact with chemicals so that it has chemical sensing
property. In literature, there are many studies about the chemical sensing property of Cu-
BTC. Cu-BTC is used for detecting the presence of hazardous chemicals such as
ammonia, arsine, and hydrogen sulfide gases. Cu-BTC is used to detect the hydride gases
which are ammonia, arsine, and hydrogen sulfide (Peterson et al., 2015). Hazardous gases
which are sulfur dioxide, chlorine, radon, cyclohexane, tetrahydrothiophene, benzene,
toluene, dichloromethane, and ethylene oxide are also detected by Cu-BTC (Woellner et
al., 2018).



In this study, Cu-BTC deposited on different type of textiles such as pulp fiber,
cotton fabric, and viscose fabric will be used for the detection of ammonia gas by the help

of chemical sensing property of Cu-BTC.

2.3. Deposition of Cu-BTC

The deposition of Cu-BTC on different substrates provides an easy way to use for
sensor activity in various fields. The deposition of Cu-BTC on different substrates could
be obtained by solvothermal and non-solvothermal processes. The most important
process parameter is the reaction temperature for these processes. While non-
solvothermal reactions can occur below boiling point and under ambient pressure,
solvothermal reactions may take place at room or elevated temperatures (Zhuang et al.
2015).

Synthesis of Cu-BTC is generally done solvothermally in a mixed solvent system
which is also followed in this study. Cu(NOz)2.3H-0 is dissolved in deionized water and
mixed with trimesic acid (HsBTC: benzene-1,3,5-tricarboxylic acid) which is dissolved
in ethanol. And then, the solution is heated to a certain temperature above the boiling
point of the mixture. The synthesis reaction is represented by the equation below (Pinto
etal., 2012):

2Cu(N0O3),.3H,0 + 2H3BTC — [Cus(BTC),].3H,0 + 6HNO; (2.1)
Cu—BTC

The deposition of Cu-BTC on different substrates was summarized in Table 1.
Before the deposition process, sometimes the surface of the support material should be
charged with required ions to increase the effectiveness of the deposition process. For
deposition of the Cu-BTC, carboxymethylation is used to obtain a suitable charge on the
surface of cellulose substrates. Cu-BTC is deposited on the pulp fibers surface to be used
in filtration industry. Pulp fibers were flexible and could easily be molded into sheets.
Three different pulp fibers, which are CTMP, a bleached southern pine kraft pulp and
unbleached kraft pulp were used as substrates in the deposition of Cu-BTC. According to
the results, Cu-BTC was easily deposited on the pulp fibers which had higher lignin
content (Kiisgens et al., 2009).



Zhuang et al. deposited Cu-BTC onto plastic, paper, and textile substrates by
inkjet printing of a precursor solution containing dimethylsulfoxide (DMSO), ethanol and
ethylene glycol. Cu-BTC contained solvent was used as ink and desired patterns were
easily printed via inkjet printers. Cu-BTC does not have a certain shape and is not oriented
and densely grown crystals were observed on the surface of printed substrates. While
hierarchical pore structure and high density of Cu-BTC were observed on the foil surface,
low density of Cu-BTC was observed on the office paper due to its complex morphology.
Cu-BTC containing ink was printed on the textile substrates to capture hazardous gases
such as NHs, HCI, and HS vapor. The printed substrates were exposed to these gases and
a color change was observed in each of them. The turquoise color of the substrates was
turned to dark blue, yellow, and brown rapidly after exposure to NHs, HCI, and H2S
vapor, respectively. Consequently, Cu-BTC containing ink printed textile substrates
could be used as label-free, inexpensive, and practical gas sensors (Zhuang et al., 2013).

The deposition of Cu-BTC on the cotton fabric surface is done in order to be used
as NO generation catalyst. Cu-BTC deposited cotton fabric was used as a catalyst for NO
generation from a substrate (S-nitrosocyseamine) and the reaction rate was observed as
19.0+3.0 nMs*(Neufeld et al., 2015).

Abbasi et al. deposited Cu-BTC on silk fibers under ultrasound irradiation to
provide antibacterial activity. The effect of pH, reaction time, ultrasound irradiation, and
sequential dipping steps on the deposition of Cu-BTC on silk fibers were investigated.
FT-IR results show that the bond formation between —-COO™ and Cu?* was observed so
that the deposition was performed successfully. Cu-BTC on the silk fibers was crystalline
and its amount increased due to the increasing number of dipping steps. The Cu-BTC
deposited silk fibers showed high antibacterial activity against Escherichia coli and
Staphylococcus aureus. They (Abbasi et al., 2012).

Pinto et al. deposited Cu-BTC on cotton, a cellulosic fibrous, substrate and then
tested for gas selectivity and toxic chemicals removal. In order to investigate the
importance of carboxylate groups onto the surface of anionic cellulose. According to the
results, the attachment of Cu-BTC on the cotton surface was obtained successfully and
the order of addition of Cu(OAc).-copper acetate, BTH3, 1,3,5-benzenetricarboxylic
acid, and TEA-triethylamine was found as critical factors for chemical attachment and
growth of Cu-BTC on cotton. XPS analysis was carried out to determine the copper

density on the cotton surface and the higher density of copper on the cotton surface was



observed when the A and C procedures were used to chemical attachment of Cu-BTC.
Additionally, the presence of Cu-BTC on the cotton surface was confirmed via FT-IR
analysis. The characteristic lengths of Cu-BTC crystals were determined by SEM analysis

and they were between 200 nm to a few microns (Pinto et al., 2012).

Meilikhov et al. deposited Cu-BTC on polymers in the form of porous material
so that they have a wide range of textile applications such as gas separation materials and
protection layers for working clothes. In order to increase the amount of Cu-BTC on the
polymer surface, the amino groups at the polyester surface are reacted with a bromoacetic
acid to enhance the reactive groups on the surface. The step-by-step deposition method
could be used as a reproducible way for multiple deposition cycles and the surface

morphology and perfectness could easily be controlled by this method.

Viscose fabrics have numerous binding sites so that they provide good affinity for
polar compounds. The high cost of adsorbents led to search new alternative materials like
MOFs. Abdelhameed et al., (2017) studied Cu-BTC deposited viscose fabric for fuel

purification to improve the quality of petroleum-derived products.

As seen above, use of Cu-BTC deposited substrates such as printing ink, pulp,
cotton, and viscose fabric have not been yet demonstrated for detection of NHsz gas in the
literature. So, an experimental study was carried out to investigate the sensing activity of

Cu-BTC deposited on those substrates.
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CHAPTER 3

EXPERIMENTAL STUDY

3.1. Materials

Pulp fibers and cotton fabric were purchased from Viking Kagit ve Seliiloz A.S
and Gamateks, respectively. Copper (I1) nitrate trihydrate, benzene-1,3,5-tricarboxylic
acid (trimesic acid), ethanol, N-dimethylformamide (DMF), sodium hydroxide and

sodium chloroacetate were obtained from Emsure and Sigma Aldrich.

3.2. Cu-BTC Synthesis and Deposition on Pulp Fibers

1.68 g (8 mmol) of trimesic acid was dissolved in 100 ml Ethanol:DMF (1:1 v/v)
solution and were mixed with a 50 ml aqueous solution of 1.86 g (8mmol) Cu(NO3)..2.5
H20. 1 g of short fibers was added to the solution and was stirred for about 15 min. The
mixture was heated to 85 °C in a 400 ml vessel and kept at this temperature for 24 h. At
the same time, in order to investigate the stirring effect, the mixture was stirred at 85 °C
for 24 h. After 24 h, the stirred and non-stirred products were separately filtered and
washed with Ethanol:H20 mixture to get rid of impurities. After that, the stirred and non-
stirred short pulp fibers (SF) were dried at room temperature for a short amount of time.
Lastly, in order to activate these fibers, they were put in an oven at 160 °C for 18 h. The
activation of short fibers was also obtained at 85 °C to investigate the temperature effect.
The same procedure was repeated for and long pulp fibers (LF). The experimental
procedure is illustrated in Scheme 1 and also, some pictures of experimental steps are

given in Figure 3. 1.
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Cu(NO;),.3H,0 (1.86 g) Trimesic acid (1.68g)

i

-
Dissolved in 50 mL Dissolved in 100 mL
water EtOH:DMF
\_
(\‘ /
Stirred for 15 min <«— 1 gpulp

. J

s ~
Crystallization ( in oven /
in stirrer) at 85 °C for 24 h
.

l

Filtered and washed ]

/

-

.

-
Dried in air ]
\ !

[ Activated at 160 °C for 18 h ]

Scheme 1. Steps of the Cu-BTC deposition on pulp fibers (Kiisgen et al., 2013).

Figure 3. 1. Raw pulps (1), pulp fibers in solution after 24h stirring (2), after the
filtering and washing process (3) and after the activation (4).

Due to the adsorption of the water molecules on the Cu-BTC, a color difference
between the third and fourth images was observed. The color of Cu-BTC after the
activation process was dark. As the adsorbed water amount increased on the Cu-BTC
surface, the color of Cu-BTC became lighter blue. Additionally, to understand the effect
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of stirring, the same process was followed without using a stirrer and in that process, the

mixture was put into the oven for 24 h.
3.3. Cu-BTC Synthesis and Deposition on Cotton Fabric

In order to deposite Cu-BTC on cotton fabric, firstly, the cotton fabric should be
carboxymethylated to obtain anchoring points. Then, Cu-BTC was deposited on the

cotton fabric. The detail of these two steps is given below.
3.3.1. Carboxymethylation of Cotton Fabric

The cotton fabric must be carboxymethylated with sodium chloroacetate in the
presence of sodium hydroxide to obtain more carboxyl groups to deposite Cu-BTC onto
the cotton fabric. Hence, an anchoring point was obtained by the carboxymethylation for
the deposition of Cu-BTC onto the cotton fabric. The reaction mechanism of
carboxymethylation of cotton and the deposition mechanism of Cu-BTC on cotton fabric

are given in Figure 3. 2.

(a)

OH
'] CI-.___/JL.D Ma®
CTHO OH " NaClH O HO

)\?)? (]
- (o) -
(® o2 Q ©
O—Cu’ -
o—{—gu? o o
o . Qo L

|6
Q /m/} oo ng> [V w
CsHaicoth
O'HOo DMFm;OFEIOH & HO oH n

Figure 3. 2. Carboxymethylation of cotton fabric (a), deposition process on cotton
fabric(b).
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Two different carboxymethylation procedures were used to prepare the cotton
fabrics for the deposition of Cu-BTC. The first carboxymethylation process was carried
out using 100 ml 15 wt% NaOH solution (2:1 ethanol deionized water). The cotton fabric
was added into the solution and stirred for 30 min. Then, the cotton fabric was removed
and 11.6 g sodium chloroacetate was added into the solution. After that, the cotton fabric
was put into the solution again and stirred for 1 h. The cotton fabric was removed from
the solution and immersed into deionized water for 30 min. Then, it was washed with
deionized water and ethanol, respectively. The cotton fabric was firstly dried at the room
temperature and then it was dried in the oven for 1 h at 60 °C. The first

carboxymethylation procedure was given in Scheme 2.

NaOH (15 g)
4 i ™

Stirred for 30 min. In

100 mL EtOH, Water l«— 4.5 x 2 cm cotton

(2:1)
- /
s ~\
Stirred for 1 h. l«——— 1 M Sodium Choloraacetate
A vy
Cotton

Soaked for 30 min. in
millipore water

Millipore water and 100
mlL EtOH

l

Dried in air

~
Rinsed with 100 mL. 1

[ Dried at 60 °C for 1 h. ]

l

Carboxymethylated Cotton

Scheme 2. Carboxymethylation procedure of cotton (Rubin et al., 2018).

15



To obtain an anchoring point for the deposition of Cu-BTC onto the cotton fabric,
another carboxymethylation procedure was applied. In this procedure, cotton fabric was
carboxymethylated with sodium chloroacetate in the presence of sodium hydroxide. A 1
M solution of sodium chloroacetate was prepared in 15 wt % sodium hydroxide, and the
cotton fabric was immersed into the solution and stirred for 1 h. The second
carboxymethylation procedure is given in Scheme 3.

11.6 gr Sodium
Choloroacetate

Y

Stirring 1 hiin

15wt%NaoH | “oron

Carboxymethylated Cotton

Scheme 3. The second carboxymethylation procedure of cotton (Neufeld et al., 2015).

3.3.2. Deposition of Cu-BTC

After carboxymethylation step, 860 mg Cu(NO3)2.2.5H>0 was mixed in a 12 ml
of DMF:ethanol:water (1:1:1) mixture and a piece of cotton fabric were put into the
mixture. After stirring them for overnight 500 mg trimesic acid was dissolved in
DMF:ethanol:water (1:1:1) mixture and added to the mixture dropwise and kept stirring
for 24 h. After stirring the cotton fabric, the obtained Cu-BTC deposited cotton fabric was
separately washed with distilled water, DMF and ethanol for 5 h to get rid of non-attached
Cu-BTC crystals. Lastly, the Cu-BTC deposited cotton fabric was dried in air. The first
deposition procedure is given in Scheme 4. The raw cotton fabric and the Cu-BTC
deposited cotton fabric are given in Figure 3. 3.
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Cu(NOy),2. 5H20 (860 mg)

Stirred for 24h.m12
Trimesic actd (500 mg) mL DME, EtOH, Carboxymethylated Cotton
1 Water (1:1:1)
Stirred in 12 mL DMEF, }

FtOH. Water Stured for 24 h.
(LD

Washed for 5 h with
DMEF, EtOH Water

Dep0s1ted Cotton

Scheme 4. The steps of first deposition method (Pinto et al., 2012).

Figure 3. 3. The raw cotton fabric (1), and Cu-BTC deposited cotton fabric (2), Cu-BTC
deposited cotton fabric exposed to NH3 gas (3).
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Cu-BTC deposition on the cotton fabric was also carried out by layer-by-layer
growth. Firstly, copper containing solution was prepared using 1.9 g copper nitrate and
1:1:1 DMA, ethanol and deionized water. Secondly, ligand-containing solution was
prepared using 675 mg of trimesic acid and 2:1:1 DMA, ethanol and deionized water. The
cotton fabric was first immersed into the copper containing the solution for 17 min and
then it was immersed into the ethanol solution for 5 s. The cotton fabric was immersed
into the ligand containing solution for 17 min and then it was immersed into the ethanol
solution for 5 sn. This cycle was repeated for 15 times. After that, the cotton fabric was
soaked into the ethanol for overnight. Finally, the cotton fabric was washed with ethanol
solution for six times to remove undeposited Cu-BTC particles. The second deposition

procedure is given in Scheme 5.

Cu(NO,),3H,0(19 g Trimesic acid (675 mg)

20 mL DMF, EtOH, Water
(LLD)

Stirred, Shaked,

: 20 mL DMEF, EtOH, Water
Sonicated

(211

Stirred, Shaked,
Sonicated

Solution A Solution B

Soaked EtOH overnight

|

Vortexed 6 times with
EtoH

\ Wash with EtOH
Ending cycle

]

=

[p]
—

Y
—
(o]
=
lgp]
"/

Deposited Cotton

Scheme 5. The steps of the second deposition method (Rubin et al., 2018).
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Cu-BTC deposition on the cotton fabric was also carried out by layer-by-layer
growth. Firstly, 1.078 g copper acetate was dissolved in 15 mL Millipore water to obtain
solution A. Then, to obtain solution B, 631 mg of trimesic acid was dissolved in 15 mL
of 1:1:1 DMA, ethanol and Millipore water. The cotton fabric was firstly immersed into
the solution A for 5 min and then it was rinsed with water. The cotton fabric was immersed
in the solution B for 5 min and then it was rinsed with water. This cycle was repeated for
5 times. After that, the cotton fabric was washed with ethanol to remove undeposited Cu-
BTC particles. Finally, the cotton fabric was put into the ethanol solution and sonicated.

The third deposition procedure is given in Scheme 6.

Cu(CH:C00),H,0(1.078 g) Trimesic acid (0.631 g)

Disolved inl5 mL Dissolved mn 15 mL

Millipore Water DMEF, EtOH, Mil. Wa.
Solution A Solution B

CMC
Washed and
sonicated with
EtOH
Wash with water
Ending cycle

Deposited Cotton

Scheme 6. The steps of the third deposition method (Neufeld et al., 2015).

3.4. Cu-BTC Synthesis and Deposition on Viscose

Firstly, 2.077 g of copper (II) nitrate trinydrate and 1.0 g of trimesic acid were
dissolved in 50 mL of DMF because they are highly soluble in DMF. Then, 8x8 cm?

viscose specimen was added to the solution and stirred for 30 min. The solution mixture
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was heated until the complete evaporation of DMF. After that, it was cooled down to
room temperature and the Cu-BTC deposited viscose was rinsed with deionized water
five times to remove the non-adsorbed and unreacted chemicals. The Cu-BTC deposited
viscose was dried in an oven at 75 °C overnight. The procedure of Cu-BTC deposited

viscose is given in Scheme 7.

Cu(NO5),.3H,0 (2.077 g) Trimesic acid (1 mg)

v
Dissolved in
50 mL DMF

+—— 8 x 8 cm?viscose

[ Stirred for 30 min. }

h

Heated until

evaporation of DMF
\. J

' ™
Rinsed with water five

times
L v

Dried in oven at 75° C
overnight

Scheme 7. The procedure of Cu-BTC deposited viscose (Abdelhameed et al., 2017).

3.5. Characterization Studies

The surface morphology of Cu-BTC deposited textiles which are pulp fibers,
cotton fabric, and viscose fabric was analyzed via SEM analysis. FEl QUANTA 250 FEG

model SEM device was used to analyze the samples.

The framework vibration of synthesized all samples was examined by FT-IR

spectroscopy. KBr pellet technique was employed to obtain infrared spectra of the
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samples at room temperature. The Cu-BTC deposited cotton fabric and pulp fiber were
cut into small pieces and the pellets were prepared with a small pieces amount of 3 wt%.
The spectra were retrieved in the wavenumber range of 400—4000 cm™ with a resolution

of 4 cm™ by an infrared spectrometer type Shimadzu FTIR 8400S.

The framework vibration of synthesized all samples was also examined by AT-IR
analysis. The ATR-IR analysis was performed in the wavenumber range of 6504000 cm*
! via Pelkin Elmer — UATR Two.

The crystalline structures of all samples were determined by X-Ray diffraction
type Philips X’Pert diffractometer with CuK radiation. The scattering angle 20 was
changed from 5° to 63° with a step length of 0.002°.

A gas mixture was used for adsorption of NHz onto all samples. The gas to be
adsorbed (NHa) is mixed with a suitable carrier gas, usually helium at a known flow rate.
In this study, 50 mL/min He gas was passed through the line for 30 min to clean the line.
After that, 40 mL/min of % 10 NHz and % 90 He gas mixture was passed through the line
for 30 min to comprehend the chemical sensing of Cu-BTC deposited on textiles which

are pulp fiber, cotton fabric, and viscose fabric.
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CHAPTER 4

RESULTS AND DISCUSSION

The Cu-BTC deposited on pulp fibers, cotton fabric and viscose fabric support

were charecterize and sensing properties to NH3 gas was analyzed.

4.1. Characterization Study of Raw and Cu-BTC Deposited Pulp
Fibers

As seen from SEM micrograph of synthesized Cu-BTC ( Figure 4. 1), the MOF
particles have a uniform cubic shape. Same procedure given in Schema 1 was used to
deposite Cu-BTC on long and short pulp for period of 6, 12 and 24 h. The effect of
strirring was also tested. The SEM micrographs of raw and the stirred Cu-BTC deposited
pulp fibers for period of 24 h are represented in Figure 4. 2 in order to observe the crystal
growth of Cu-BTC on the pulp fibers. The SEM micrographs of stirred and non-stirred
Cu-BTC deposited short and long pulp fibers are given in Figure 4. 3 and Figure 4. 4. for

12 h and 6 h deposition time, respectivelly.

It is obviously seen that the surface of pulp fibers are densely coated with Cu-BTC
crystals for each deposition times. The size of the deposited Cu-BTC by non-stirring was
bigger than the size of deposited Cu-BTC by stirring. The Cu-BTC crystals have a well-
defined shape along the short pulp fibers and the Cu-BTC crystals are regularly
distributed along the short pulp fibers for deposition by non-stirring for 12 h. Similar
features were observed in another study, which is carried out by Kiisgens et al. (Kiisgens
et al., 2009).
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Figure 4. 2. Scanning electron micrograph (SEM) of long pulp fibers (1) and Cu-BTC
deposited long pulp fibers (2).

Figure 4. 3. Cu-BTC deposited short pulp fibers by stirring (1), non-stirring (2). Cu-BTC
deposited long pulp fibers by stirring (4), non-stirring (5). Mapping analysis
of Cu-BTC deposited on (3), long fibers (6). (period of time:12).
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Figure 4. 4. Cu-BTC deposited long pulp fibers by stirring (1), non-stirring (2). Cu-BTC
deposited long pulp fibers by stirring (4), non-stirring (5). Mapping analysis
of Cu-BTC deposited on (3), long fibers (6).(period of time:12).

In order to investigate whether the deposition of Cu-BTC on short and long pulp
fabrics was successfully achieved or not, the FT-IR analysis was carried out. While FT-
IR spectra of Cu-BTC, raw short pulp fibers, and Cu-BTC deposited short pulp fibers
which were synthesized by stirred and non-stirred method at 160 °C are represented in
Figure 4. 5, FT-IR spectra of Cu-BTC, raw long pulp fibers and Cu-BTC deposited long
pulp fibers which were synthesized by stirred and non-stirred method at 160 °C are

represented in Figure 4. 6.

Cu-BTC

Non-Stirred SF

Raw SF
// -
3 -

g N R
£
3

_I—/”f /X_g

B - _7_4/\\_//’(_‘7\_ -

wavelength, em-!

Figure 4. 5. FT-IR spectra of Cu-BTC, raw and Cu-BTC deposited short pulp fibers at
160 °C.
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In Figure 4. 5., while the characteristic peaks of Cu-BTC are observed around
1600 cm™, 1400 cm™, 1300 cm?, and 730 cm?, raw short pulp fibers give their
characteristic peaks around 1100 cm, 2700 cm™, and 3200 cm™. The characteristic peaks
of Cu-BTC were observed at the same wavelength in different studies which were carried
out by Pinto et al. and Neufeld et al. (Pinto et al. (2012); Neufeld et al. (2015)). After the
deposition of Cu-BTC on the short pulp fibers by stirring or non-stirring method, the

intensities of peaks at 1644 cm™, 1447 cmt, 1343 cm™, and 729 cm™ increased.

Absorbance, a.u

wavelength, em1

Figure 4. 6. FT-IR spectra of Cu-BTC, raw and Cu-BTC deposited long pulp fibers at
160 °C.

The COO— asymmetric bond, C—C stretches, COO— symmetric stretching, and
C—H out-of-plane bending for Cu-BTC are observed at 1644 cm™, 1447 cm, 1343 cm?,
and 729 cm?, respectively. These characteristic peaks of Cu-BTC were observed at the
same wavelength in the studies carried out by Pinto et al. and Neufeld et al. (Pinto et al.
(2012); Neufeld et al. (2015)). Figure 4. 5. and Figure 4. 6. shows raw short and long
pulp fibers give their selulosic characteristic peaks around 1100 cm™, 2700 cm™, and
3200 cm™* and the Cu-BTC was succesifully deposited on the short and long pulp fibers
by stirring or non-stirring method. It can be concluded that the intensity of the
characteristic peaks of raw long pulp fibers increased after the Cu-BTC deposition (Pinto
et al. (2012); Neufeld et al. (2015)).

The Cu-BTC deposited short fibers were synthesized by stirring and non-stirring
methods at 85 °C and 160 °C. While the FT-IR analysis of Cu-BTC deposited short fibers,
which were synthesized by stirring is given in Figure 4. 7., the FT-IR analysis of Cu-BTC
deposited long fibers which were synthesized by stirring is given in Figure 4. 8.
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There is not much difference between the intensity of characteristic peaks of Cu-
BTC deposited short and long fibers, which were synthesized at 160 °C and 85 °C, so it
could be concluded that the increase of temperature does not have a negative effect on

the deposition of Cu-BTC.

C-H C-OH c-C C=0

Stirred SF 85°C

== Stirred SF 160°C

Absorbance, a.u.

wavelength, cm?

Figure 4. 7. FT-IR spectra of Cu-BTC deposited short pulp fibers by stirring at 160 °C
and 85 °C.

C-H C-OH C-C Cc=0 Stirred LF 85°C

———Stirred LF 160°C

Absorbance, a.u.

wavelength, cm

Figure 4. 8. FT-IR spectra of Cu-BTC deposited LF by stirring at 160 °C and 85 °C.

ATR-IR analysis was carried out for Cu-BTC, raw short pulp fibers and Cu-BTC
deposited short pulp fibers and the results are given in Figure 4. 9. Besides, it was
performed for Cu-BTC, raw long pulp fibers and Cu-BTC deposited long pulp fibers and

the results are given in Figure 4. 10.
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Figure 4. 9. ATR-IR spectra of Cu-BTC, raw and Cu-BTC deposited SF at 160 °C.
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Figure 4. 10. ATR-IR spectra of Cu-BTC, raw and Cu-BTC deposited long pulp fibers
at 160 °C.

The characteristic peaks of Cu-BTC, raw short pulp fibers, and Cu-BTC deposited
short and long pulp fibers were observed at 728, 1371 and 1644 cm™. The results are
similar to the FT-IR results of them. After the deposition of Cu-BTC, the place of the
characteristic peaks was drifted slightly.

The effect of depostion time on the amount of deposited Cu-BTC on long and pulp

fibers were investigated at three different deposition time (6 h, 12 h and 24 h). The results
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are given in Figure 4. 11., Figure 4. 12., Figure 4. 13., and Figure 4. 14.. The optimum
depostion time was chosen as 12 hours for the all of them.

~——24 H. NON-STR SF C=0 C-C

~——12 H. NON-STR SF

——6 H. NON-STR SF
:
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o
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Figure 4. 11. ATR-IR spectra of non-stirred Cu-BTC deposited short pulp fibers at 160
°C with different deposition times.
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Figure 4. 12. ATR-IR spectra of stirred Cu-BTC deposited short pulp fibers at 160 °C
with different deposition times.

28



C=0 C-C C-H

——24 H. NON-STR LF

——12 H. NON-STR LF
6 H. NON-STR LF

— 7
Absorbance, a.u.

A
— NG

3600 3100 2600 2100 1600 1100 600
wavelength, cm?

Figure 4. 13. ATR-IR spectra of non-stirred Cu-BTC deposited long pulp fibers at 160
°C with different deposition times.
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Figure 4. 14. ATR-IR spectra of stirred Cu-BTC deposited long pulp fibers at 160 °C
with different deposition times.

While the XRD pattern of Cu-BTC, raw short pulp fibers, and Cu-BTC deposited
short pulp fibers which were synthesized by stirred and non-stirred at 160 °C are shown
in Figure 4. 15., the XRD pattern of Cu-BTC, raw long pulp fibers and Cu-BTC deposited
long pulp fibers which were synthesized by stirred and non-stirred at 160 °C are shown
in Figure 4. 16. It could be concluded that short and long pulp fibers has an amorphous
structure according to the XRD results. Neufeld et al. found that the characteristic
diffraction peaks associated with Cu-BTC are at 7.8, 9.5, 12, 13.5, 15, 17.8, and 19.3°
(Neufeld et al., 2015).
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The same characteristic peaks for Cu-BTC and Cu-BTC deposited short pulp

fibers which were synthesized by stirring and non-stirring at 160 °C. Consequently, it
could be deduced from this pattern, the deposition of Cu-BTC on short pulp fibers was

successfully achieved by stirring and non-stirring method at 160 °C.

The characteristic peaks of Cu-BTC are clearly observed at 7.8, 9.5, 12, 13.5, 15,

17.8, and 19.3 degrees in Figure 4. 16. The intensity of these peaks increased after the

deposition on the surface of long pulp fibers, however, there is not significant increase

between the Cu-BTC deposited long and short fibers. Thus, it implies that the length of

the pulp fibers do not have an importance on the deposition of Cu-BTC on their surface.

Intensity, a.u.

Cu-BTC
Non-Stirred SF
Stirred SF

-Raw SF

25

35 45 55

26

Figure 4. 15. XRD pattern of Cu-BTC, raw and Cu-BTC deposited short pulp fibers at

160 °C.
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Figure 4. 16. XRD pattern of Cu-BTC, raw and Cu-BTC deposited long pulp fibers at

160 °C.
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XRD patterns of non-stirred and stirred Cu-BTC deposited short pulp fibers at 160
°C and different deposition times are given in Figure 4. 17 and Figure 4. 18, respectively.
Figure 4. 17. show that different deposition times are effective on the deposited amount
of Cu-BTC. According to the results, the highest intensities were observed when the
deposition time was 12 hours so it could be concluded that the optimum deposition time
was selected as 12 hours for this study. According to Figure 4. 18., the deposition time
does not have a significant effect on the amount of deposited Cu-BTC. Additionally, the
amount of deposited Cu-BTC by non-stirring was higher than the amount of deposited

Cu-BTC by stirred.

i ~——24 H. NON-STR SF
———12 H. NON-STR SF
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Figure 4. 17. XRD pattern of non-stirred Cu-BTC deposited short pulp fibers at 160 °C
and different deposition times.
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Figure 4. 18. XRD pattern of stirred Cu-BTC deposited short pulp fibers at 160 °C and
different deposition times.
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XRD patterns of non-stirred and stirred Cu-BTC deposited long pulp fibers at 160
°C and different deposition times are given in Figure 4. 19 and Figure 4. 20, respectively.
The highest deposited amount of Cu-BTC by non-stirring was obtained at 6 hours. The
longer deposition times does not provide an increase in the deposited Cu-BTC amount.
Additionally, 6 hours and 12 hours are almost the same deposited Cu-BTC amount by
stirring. Consequently, 6 hours are enough for the deposition of Cu-BTC on the long

fibers either stirring or non-stirring.
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Figure 4. 19. XRD pattern of non-stirred Cu-BTC deposited long pulp fibers at 160 °C
and different deposition times.
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Figure 4. 20. XRD pattern of stirred Cu-BTC deposited long pulp fibers at 160 °C and
different deposition times.

NHs sensing properties of Cu-BTC deposited short and long pulps were

investigated and the results are given in Figure 4. 21.

32



Figure 4. 21. Raw short pulp (1), Cu-BTC deposited short pulp (2), NH3 exposed Cu-
BTC deposited short pulp (3), raw long pulp (4), Cu-BTC deposited long
pulp (5), NHs exposed Cu-BTC deposited long pulp (6).
After the Cu-BTC deposited short and long pulps had exposed to NH3 gas, their
color were changed since NHz was bonded with copper ions. Consequently, Cu-BTC

deposited short and long pulps have NHs sensing property.

4.2. Characterization Study of Raw and Cu-BTC Deposited Cotton

In order to investigate the feature of raw cotton fabric and Cu-BTC deposited
cotton fabric, SEM analysis was carried out with 1000x magnification and hence the
results of this analysis are given in Figure 4. 22..

Figure 4. 22. SEM micrographs of the cotton fabric (1) and Cu-BTC deposited cotton
fabric (2).

According to Figure 4. 22.(1), the raw cotton fabrics have a long and thin stripe

shape, and Figure 4. 22.(2), shows that Cu-BTC is successfully deposited on cotton
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fabrics. It is clearly seen that Cu-BTC crystals are orderly distributed along the cotton
fabrics. Additionally, the surface of the cotton fabric is intensely covered with Cu-BTC
crystals. Similar features were observed in the study of Pinto et al. It could be concluded
that Cu-BTC was successfully synthesized and deposited on the surface of cotton fabrics
(Pinto et al., 2012).

The effect of deposition cycle number for second method on the amount of
deposited Cu-BTC on cotton fabrics was investigated and the SEM micrograhs of 5, 10

and 15 cycles are given in Figure 4. 23.

| T |
S50pm

Figure 4. 23. Cu-BTC deposited cotton fabric, 5 cycle (1), mapping analysis of Cu-BTC
deposited on cotton fabrics for 5 cycle (2), Cu-BTC deposited cotton
fabric, 10 cycle (3), mapping analysis of Cu-BTC deposited on cotton
fabrics for 10 cycle (4), Cu-BTC deposited cotton fabric, 15 cycle (5),
mapping analysis of Cu-BTC deposited on cotton fabrics for 15 cycle (6).
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Cu-BTC deposited on the surface of cotton fabric was successfully achieved by
second deposition method for all cycle numbers. However, applying 10 cycles give better
result than 5 and 15 cycles, almost all surface of cotton fabric was covered by with 10
cycles. Thus, optimum cycle number could be chosen as 10 for Cu-BTC deposition on

cotton fabric.

The effect of deposition cycle number for third method on the amount of deposited
Cu-BTC on cotton fabrics was investigated and the SEM micrograhs of 4, 8 and 12 cycles

are given in Figure 4. 24.

Figure 4. 24. Cu-BTC deposited cotton fabric, 4 cycle (1), mapping analysis of Cu-BTC
deposited on cotton fabrics for 4 cycle (2), Cu-BTC deposited cotton fabric,
8 cycle (3), mapping analysis of Cu-BTC deposited on cotton fabrics for 8
cycle (4), Cu-BTC deposited cotton fabric, 12 cycle (5), mapping analysis
of Cu-BTC deposited on cotton fabrics for 12 cycle (6).

The surface of the cotton fabric was successfully covered with Cu-BTC by third
deposition method for all cycle numbers. According to the results, optimum cycle number
was chosen as 12 for third deposition method since a uniform Cu-BTC distribution and

well-shaped Cu-BTC particles on the surface of cotton fabric were obviously seen.
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In order to investigate whether the carboxymethylation process and the deposition
of Cu-BTC on the surface of cotton were successfully achieved or not, FT-IR analysis is
carried out. The FT-IR analysis results of raw cotton, Cu-BTC, carboxymethylated cotton
fabric, and Cu-BTC deposited cotton fabric by three different methods are shown in

Figure 4. 25., Figure 4. 26. and Figure 4. 27., respectively.

C-H C-OH C-C =0

Cu-BTC

Deposited cotton

Carboxtmethylated cotton

Raw Cotton

Absorbance, a.u
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380 880 1380 1880 2380 2880 3380 3880
wavelength, cm™1

Figure 4. 25. FT-IR spectra of Cu-BTC, raw cotton, carboxymethylated cotton, and Cu-
BTC deposited cotton by the first method.

C-H C-OH C-C cC=0

Deposited Coton
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Figure 4. 26. FT-IR spectra of Cu-BTC, raw cotton, carboxymethylated cotton, and Cu-
BTC deposited cotton by the second method.
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Figure 4. 27. FT-IR spectra of Cu-BTC, raw cotton, carboxymethylated cotton, and Cu-
BTC deposited cotton by the third method.

According to the related figures, the characteristic peaks of cotton did not
disappear after the carboxymethylation and deposition steps. Thus, the structure of cotton
was preserved. Additionally, after the carboxymethylation step, similar results were
obtained for both procedures so that there was not a significant difference between the
carboxymethylation procedures to obtain carboxymethylated cotton fabrics. It can be
concluded based on literature that the peak around 1645 cm™ represents carboxylate
groups and the peak around 2928 cm™ represents C-H stretching so that the
carboxymethylation was achieved successfully. After the carboxymethylation step, the
intensity of C-H stretching and carboxylate groups peaks increased. The peaks around
728, 1371 and 1644 cm™ refer to the Cu-BTC and the results of FT-IR spectra indicates
that deposition of Cu-BTC on cotton has been achieved successfully. The similar IR
results were obtained in two different studies which were about surface-anchored MOF-
cotton material for tunable antibacterial copper delivery and Cu-BTC deposition on
cotton (Rubin et al., 2018; Pinto et al., 2012).

ATR-IR analysis was carried out for Cu-BTC, raw cotton, carboxymethylated
cotton, and Cu-BTC deposited cotton specimens with three different methods to
investigate whether the carboxymethylation and deposition steps were successfully
achieved or not. The results of this analysis are given in Figure 4. 28, Figure 4. 29 and
Figure 4. 30.
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Figure 4. 28. ATR-IR spectra of the first method.
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Figure 4. 29. ATR-IR spectra of the second method.
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Figure 4. 30. ATR-IR spectra of the third method.
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Neufeld et al. carried out a study over the Cu-BTC deposition onto the cotton
fabric and ATR-IR analysis was performed to comprehend whether the deposition of Cu-
BTC on the cotton fabric was successfully achieved or not in this study. The characteristic
peaks of Cu-BTC, raw cotton, carboxymethylated cotton, and Cu-BTC deposited cotton
specimens were observed at 728, 1371 and 1644 cm™ (Neufeld et al., 2015). It could be
deduced from the related figures that the carboxymethylation and deposition steps were
successfully achieved. The characteristic peaks of Cu-BTC, raw cotton,
carboxymethylated cotton, and Cu-BTC deposited cotton specimens were observed at
728, 1371 and 1644 cm™. After the deposition of Cu-BTC, the place of the characteristic
peaks was drifted slightly. The results are similar with the study of Neufeld et al. so that

the results are in accordance with the literature.

The effect of cycle number was investigated for the second and third method and
the results are given in Figure 4. 31 and Figure 4. 32, respectively. According to the
results, while the optimum cycle number for the second method was chosen as 10 and the

optimum cycle number for the third method was selected as 12.
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Figure 4. 31. ATR-IR spectra for the effect of cycle number on the deposition of Cu-
BTC on cotton fabric for the second method

39



——12 cycle
-8 cycle

——4 cycle

3600 3100 2600 2100

wavelength, cm™

C=0 C-C

JI

I e WP ~

C-OH C-H

1100

Absorbance, a.u.

Figure 4. 32. ATR-IR spectra for the effect of cycle number on the deposition of Cu-
BTC on cotton fabric for the second method.

The XRD patterns of Cu-BTC, raw cotton fabric and Cu-BTC deposited cotton

fabric by different deposition methods are presented in Figure 4. 33, Figure 4. 34, and

Figure 4. 35. Cotton has a characteristic peak around 23° and this peak was observed after

all Cu-BTC deposition methods, the intensity of this peak decreased. Additionally, the

place of this peak was drifted due to the interaction between the cotton surface and Cu-

BTC. After the deposition process, new peaks, referred to the characteristic peaks of Cu-

BTC, were observed. The intensities of characteristic peaks of Cu-BTC was observed

weakly since Cu-BTC was deposited on the cotton surface as a thin layer. Thus, it could

be said that the deposition process was successfully achieved by all deposition methods.
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Figure 4. 33. XRD pattern of Cu-BTC, raw cotton fabric and Cu-BTC deposited cotton

fabric (by first deposition method).
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Figure 4. 34. XRD pattern of Cu-BTC, raw cotton fabric and Cu-BTC deposited cotton
fabric (by second deposition method).

l ~——Cu-BTC
——Deposited cotton
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Intensity, a.u.

Figure 4. 35. XRD pattern of Cu-BTC, raw cotton fabric and Cu-BTC deposited cotton
fabric (by third deposition method).

The effect of cycle number on the deposition of Cu-BTC on cotton fabric was
investigated for the second and third deposition method. XRD results of them are given
in Figure 4. 36 and Figure 4. 37. The deposition of Cu-BTC on cotton fabric was
successfully achieved for second and third deposition method with different number of
cycles. The XRD results are in accordance with the ATR-IR results. According to XRD
results, 10 cycle for the second method and 12 cycle for the third method were chosen as

optimum cycle numbers.
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Figure 4. 36. XRD pattern for the effect of cycle number on the deposition of Cu-BTC

on cotton fabric for the second method
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Figure 4. 37. XRD pattern for the effect of cycle number on the deposition of Cu-BTC

on cotton fabric for the third method.

NH3 sensing property of Cu-BTC deposited cotton fabric (by first method) was

investigated and the results are shown in Figure 4. 38.
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Figure 4. 38. Cu-BTC deposited cotton fabric (by first method) (1), NHs exposed Cu-
BTC deposited cotton fabric (2).

After Cu-BTC deposited cotton fabric (by first method) exposed to NHs, there is
not a significant color change. Thus, this method is not appropriate to form Cu-BTC

deposited cotton fabric which have NHz sensing property.

NH3 sensing properties of Cu-BTC deposited cotton fabrics by second method and
third method were investigated and the results are shown in Figure 4. 39. and Figure 4.

40., respectively.

Figure 4. 39. Cu-BTC deposited cotton fabric (by second method) (1), NHz exposed Cu-
BTC deposited cotton fabric (by second method) (2).

Figure 4. 40. Raw cotton fabric (1), Cu-BTC deposited cotton fabric (by third method)
(2), NHz exposed Cu-BTC deposited cotton fabric (by third method) (3).
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Cu-BTC deposited cotton fabrics by the second and third method have initially
light blue color. After NH3 exposure, Cu-BTC deposited cotton fabrics by the second
and third method show a color change and their color turned to dark blue. Thus, they

have NHs sensing property.

4.3. Characterization Study of Raw Viscose and Cu-BTC Deposited

Viscose

The SEM results of raw viscose fabric, Cu-BTC deposited viscose fabric are
given in Figure 4. 41.

Figure 4. 41. SEM images of raw viscose fabric (1), Cu-BTC deposited viscose
fabric(2), elemental mapping of Cu-BTC deposited viscose fabric(3).

According to the SEM images, the Cu particles are obviously shown in the

related figure, and hence, the deposition process was successfully achieved.

FT-IR results of Cu-BTC, raw viscose fabric and Cu-BTC deposited viscose

fabric are given in Figure 4. 42.

The peaks around 728, 1371 and 1644 cm? refer to the characteristic peaks of Cu-
BTC and the results of FT-IR spectra show that deposition of Cu-BTC on viscose has
been achieved successfully. Abdelhameed et al. carried out a study about the deposition
of Cu-BTC on viscose and the characteristic peaks of viscose and Cu-BTC deposited
viscose were observed around 730, 1000, 1370, and 1645 cm™ (Abdelhameed et al.,
2017). Similar results were observed in this study so that this study is in accordance with

the literature.
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Figure 4. 42. FT-IR spectra of Cu-BTC, raw viscose fabric, Cu-BTC deposited viscose

fabric.

ATR-IR analysis was also carried out for Cu-BTC, raw viscose fabric, Cu-BTC

deposited viscose fabric and results are given in Figure 4. 43.

—(Cu-BTC
——Deposited viscose

——Raw viscose

3600 3100

Absorbance, a.u.

=0 ¢C COH CH

b

-y

2600

.

2100

wavelength, cm!

S~~~

1600 1100

Figure 4. 43. ATR-IR spectra of Cu-BTC, raw viscose fabric, Cu-BTC deposited viscose

fabric.
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The characteristic peaks of raw viscose and Cu-BTC deposited viscose were
observed at the similar wavelengths where the characteristic peaks of raw and Cu-BTC
deposited pulp and cotton was observed. Therefore, the deposition of Cu-BTC was

successfully achieved on the viscose.

XRD results of Cu-BTC, raw viscose fabric and Cu-BTC deposited viscose fabric
are given in Figure 4. 44. The XRD results indicate that the raw viscose has amorphous
structure. After Cu-BTC deposition the characteristic peaks of Cu-BTC was observed and
these peaks imply that Cu-BTC has a crystal structure and the amorphous structure of raw
viscose was conserved. According to the XRD results of Abdelhameed et al. study over
Cu-BTC deposition on viscose, Cu-BTC deposited on viscose shows MOF strong sharp
reflections at 20 =6.7°, 9.4°, 11.6°, 13.4°, and 19.1°, and weak peaks at 20 = 17.4°, 20.1°,
25.9°, 29.4°, 35.3° and 39.2° (Abdelhameed et al., 2017). The similar results were

observed in this study. Consequently, the results are in line with the literature.

l s CU-BTC
v
v —— Cu-BTC Deposited Viscose
Raw Viscose
v
3: l
m l
=
—
‘@
e
]
-
£ l
5 15 25 35 45 55
20

Figure 4. 44. XRD spectra of Cu-BTC, raw viscose fabric, Cu-BTC deposited viscose
fabric.

NHs sensing properties of Cu-BTC deposited viscose was investigated and the

results are shown in Figure 4. 45.
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Figure 4. 45. Raw viscose (1), Cu-BTC deposited viscose (2), NH3 exposed Cu-BTC
deposited viscose (3).

According to the results, the color of Cu-BTC deposited viscose was changed
from light blue to dark blue. Consequently, Cu-BTC deposited viscose has sensing

property against NHs.

4.4, Summary of the study

This study was summarized in Table 4. 1.
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CHAPTER 5

CONCLUSION

Cu-BTC was synthesized and deposited on the different substrates which are pulp,
cotton, and viscose fibers. In this context, the effects of length of pulp fibers, stirring and
temperature were investigated. There was not a significant effect of these parameters on
the deposition efficiency of Cu-BTC on pulp fibers. The effects of carboxymethylation
and deposition methods over the Cu-BTC deposition on the cotton were investigated.
Two different carboxymethylation methods were used and there was not a major
difference between the carboxymethylated cotton by these methods so that the
carboxymethylation methods did not have importance. Three different Cu-BTC
deposition method were tested for cotton and among them, layer by layer method show
higher efficiency.

A characterization study was performed to comprehend whether the deposition of
Cu-BTC was achieved successfully or not. In this context, the surface morphology,
framework vibration, and crystalline structures of Cu-BTC and all Cu-BTC deposited
substrates were analyzed via SEM, FT-IR, ATR-IR, and XRD analyses, respectively.
Consequently, the results of the characterization study revealed that the Cu-BTC was
deposited on the pulp, cotton fibers, and viscous successfully. The effect of deposition
time for short and long pulp was investigated and it was found that 12 hours was enough
for the deposition of Cu-BTC on the surface of pulp. Additionally, the effect of cycle
number over the deposition of Cu-BTC by second and third method on the surface of
cotton fabric. The optimum cycle numbers were found as 10 and 12 for the second and
third method, respectively. Besides, their sensing properties against the NHz gas was
investigated. The Cu-BTC deposited substrates showed sensing activity against NHs gas.
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