
  

 

DECORATION OF COTTON FABRICS WITH METAL-ORGANIC 

FRAMEWORKS AND THEIR USE TOWARDS FUNCTIONALIZED 

MICROPOLLUTANT FILTERS 

 

 

 

 

 

 

 

 

A Dissertation 

Presented to the Faculty of the Graduate School 

of Cornell University 

In Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy 

 

 

 

 

by 

Marion Schelling Barnes 

August 2020



 

 

 

 

 

 

 

 

 

 

 

 

 

© 2020 Marion Schelling Barnes



 

 

DECORATION OF COTTON FABRICS WITH METAL-ORGANIC 

FRAMEWORKS AND THEIR USE TOWARDS FUNCTIONALIZED 

MICROPOLLUTANT FILTERS 

 

Marion Schelling Barnes, Ph. D. 

Cornell University 2020 

 
This dissertation explores the functionalization of woven cotton fabrics by 

solvothermal synthesis with two different metal-organic framework (MOF) systems, a 

zeolite-like (ZIF-8) MOF and Zirconium-based MOF (UiO-66, isostructural UiO-66-

NH2, and isoreticular UiO-66-NDC and UiO-67). The use of these functionalized 

fabrics as adsorbents for micropollutants and as potential photocatalysts is also 

presented. The micropollutants selected cover inorganic as well as organic substances.  

In the first part of this thesis, the synthesis pathways for ZIF-8 decorated 

cotton involve seeding and growth of zinc oxide (ZnO) onto the fabric and the 

subsequent modification of ZnO to ZIF-8 using a one-step synthesis method. The 

result of our approach was a core-shell structure, ZnO as a core and ZIF-8 as a sheath, 

conformally deposited on the surface of the cotton fiber. Nitrogen adsorption onto 

ZIF-8 fabrics allowed to calculate a ZIF-8 content of 5% w/w. Arsenate (As (V)) 

uptake at pH 7 was investigated and the ZIF-8 fabrics demonstrated a higher uptake 

(70%) than the ZnO fabrics (38% uptake). Additionally, Zinc loss from the fabric into 

solution was lowered in the case of ZIF-8 decorated cotton. 



 

The growth of UiO-66 onto the cotton fabric is presented in the third chapter. 

UiO-66 crystals grew in a uniform and conformal manner over the surface of the 

cotton fibers forming a layer of approximately 50 µm around the cellulose fibers. The 

cotton fabrics functionalized with UiO-66 frameworks exhibited an enhanced uptake 

capacity for methylchlorophenoxypropionic acid (MCPP), a commonly used 

herbicide. The functionalized fabrics also showed photocatalytic activity, 

demonstrated by the degradation of acetaminophen, a common pharmaceutical 

compound, under simulated sunlight irradiation.  

 In the fourth chapter, cellulose functionalization was expanded to the 

isostructural MOF UiO-66-NH2 as well as to isoreticular MOFs UiO-67 and UiO-66-

NDC using adapted solvothermal synthesis conditions. A thorough characterization of 

the MOFs is first presented, and a deeper dive into fundamental understanding of the 

functionalization is presented. 

 Finally, the conclusion summarizes the findings, explores the next steps with 

supported proof of concept presented in Appendix 1 through 3, and concludes the 

research presented in this thesis. 

 

 

 



 

v 

BIOGRAPHICAL SKETCH 

Marion Schelling was born in Lausanne, Switzerland. After completing her 

bachelor’s degree in Chemistry and Chemical Engineering at the Swiss Federal 

Institutes of Technology in Lausanne, she completed her master’s degree in Analytical 

Chemistry at the Swiss Federal Institutes of Technology in Zurich with a master thesis 

performed at Cornell University in the department of Biological and Environmental 

Engineering where she was first introduced to fibers and their applications. 

Following two years of industrial work in Switzerland, Marion returned to 

Cornell in the department of Fiber Science to work on her Ph.D. under the guidance of 

Prof. Juan Hinestroza. Her interest in nanotechnologies lead her to work on the 

decoration of cotton fibers with metal-organic frameworks. Combination of her work 

on fabric modification with her passion for nature lead her to explore the use of the 

functionalized fabrics in water purification and micropollutant removal. To aid in her 

advisement, she had three other committee members, Prof. Christopher Umbach who 

specializes in Materials Science, Prof. Damian Helbling whose expertise is in 

Environmental Engineering, and Prof. Anil Netravali from the Fiber science 

department at Cornell University. 

Marion Schelling married Alexander Barnes in August 2019 and lives now in 

San Diego, California, and works as an ink chemist in the R&D department at HP Inc. 

on the next generation of printers for fabrics and garments.  



 

vi 

 

 

 

 

 

 

 

 

 

 

 

To my Opa, and to all people passionate about MOFs and functionalized fabrics.



 

vii 

ACKNOWLEDGMENTS 
 

This dissertation would not have been possible without the help, support, and 

belief of numerous people. First I would like to acknowledge my family and friends, 

both from the USA and from Switzerland, who encouraged me when I need it, helped 

me laugh, persevere and taught me patience. Thank you especially to my husband, 

Alex, and my parents, for their unconditional support and love. 

 
I would like to acknowledge my advisor, Prof Hinestroza; I learned so 

incredibly much from you and would not be where I am today without you. A big 

thank you to Manuela Kim and Eugenio Otal for the guidance and late-night calls. 

Many thanks to the Hinestroza research group, especially Diego, Simge, Lina, Daniel 

and Goeun. Kumawa to Minji, I would not have made this last year without you. 

Thank you also to my committee members: Prof. Umbach, Prof. Helbling and Prof. 

Netravali. I learned a lot from our 1:1 conversations and thoroughly enjoyed 

exchanging ideas and brainstorm with you.  

 
I am incredibly grateful for Cornell’s CCMR equipment and personnel, in 

particular to John Grazul and Mick Thomas, and to FSAD lab managers Sam Zeng 

and Kimberly Phoenix for their help and training. 

 
 Acknowledging everyone by name would take more than one page. I am 

incredibly grateful to all those who will hopefully recognize themselves in these few 

lines. My time at Cornell would not have been the same without you, whether on 

skype, whatsapp or in person.  



 

viii 

TABLE OF CONTENTS 
CHAPTER 1 INTRODUCTION...................................................................................1 
1.1. Textiles....................................................................................................................1 
1.1.1. Functionalized fabrics..........................................................................................2 
1.1.2. Cotton...................................................................................................................2 
1.2. Metal-Organic Frameworks ...................................................................................3 
1.2.1. Zeolitic Imidazolate Framework 8 (ZIF-8) .........................................................4 
1.2.2. UiO: Zirconium-based Metal-Organic Framework.............................................5 
1.3. MOF-Functionalized Textiles.................................................................................6 
1.4 References................................................................................................................7 
CHAPTER 2 SYNTHESIS OF A ZINC-IMIDAZOLE METAL-ORGANIC 
FRAMEWORK (ZIF-8) USING ZNO RODS GROWN ON COTTON FABRICS AS 
PRECURSORS: ARSENATE ABSORPTION STUDIES..........................................13 
2.1. Abstract .................................................................................................................13 
2.2 Introduction.............................................................................................................14 
2.3. Experimental..........................................................................................................17 
2.3.1. Materials.............................................................................................................17 
2.3.2. ZnO Seeding.......................................................................................................17 
2.3.3. ZnO Growth........................................................................................................18 
2.3.4. ZIF-8 synthesis....................................................................................................18 
2.3.5. Characterization..................................................................................................19 
2.3.6. Arsenate uptake experiments..............................................................................19 
2.4. Results and discussion...........................................................................................19 
2.4.1 Materials characterization...................................................................................19 
2.4.2. Arsenate uptake experiments.............................................................................23 
2.5. Concluding remarks..............................................................................................28 
2.6 Acknowledgements................................................................................................29 
2.7 References..............................................................................................................29 
CHAPTER 3 DECORATION OF COTTON FIBERS WITH A WATER-STABLE 
METAL–ORGANIC FRAMEWORK (UIO-66) FOR THE DECOMPOSITION AND 
ENHANCED ADSORPTION OF MICROPOLLUTANTS IN WATER...................35 
3.1 Abstract..................................................................................................................35 
3.2 Introduction............................................................................................................36 
3.3 Materials and Methods...........................................................................................38 
3.3.1. Scouring.............................................................................................................39 
3.3.2. Carboxymethylation ......................................................................................39 
3.3.3. Growth of UiO-66 on the Surface of Cotton Fabrics.........................................39 
3.3.4. Characterization of the Samples.........................................................................40 
3.3.5. MCPP Uptake Experiments................................................................................41 
3.3.6. Degradation of Acetaminophen..........................................................................41 
3.4 Results.....................................................................................................................41 
3.4.1. Characterization of Cotton Fabrics Functionalized with UiO-66.......................41 
3.4.2. Adsorption of MCPP..........................................................................................47 
3.4.3. Photocatalytic Activity of the UiO-66-Functionalized Fabric....................... ....48 
3.5 Discussion...............................................................................................................49 



 

ix 

3.6 Conclusions............................................................................................................51 
3.7 References..............................................................................................................52 
CHAPTER 4 FUNCTIONALIZATION OF COTTON FABRICS VIA 
ISORETICULAR EXPANSION OF UIO-66 METAL-ORGANIC 
FRAMEWORK............................................................................................................55 
4.1 Introduction............................................................................................................55 
4.2 Materials and Methods ......................................................................................57 
4.2.1 Preparation of isoreticular and isostructural UiO-functionalized cotton.............58 
4.2.2 Characterization of the Samples..........................................................................58 
4.3 Results and discussion............................................................................................59 
4.4 Conclusion..............................................................................................................64 
4.5 References..............................................................................................................66 
CHAPTER 5 CONCLUSIONS & FUTURE WORK..................................................69 
5.1 Summary of the thesis and path forward ..............................................................69 
5.2 Conclusion..............................................................................................................74 
5.3 References..............................................................................................................75 
APPENDIX 1 PHOTOCATALYTIC DEGRADATION OF METHYLENE BLUE.76 
A1.1 Overview of the wok & results............................................................................76 
A1.2 References............................................................................................................77 
APPENDIX 2 CHARACTERIZATION OF ISLAND-IN-THE-SEA 
BICOMPONENT NYLON/POLYETHYLENE TEREPHTHALATE (PET) FIBERS 
USING AFM-IR...........................................................................................................78 
A2-1 Introduction.........................................................................................................78 
A2-2 Experimental.......................................................................................................80 
A2-3 Results.................................................................................................................82 
A2-4 Conclusions.........................................................................................................87 
A2-5 Acknowledgments...............................................................................................88 
A2-6 References ..................................................................................................88 
APPENDIX 3 UiO-66 FUNCTIONALIZATION OF ELECTROSPUN CELLULOSE 
NANOFIBER VIA SOLVOTHERMAL ROUTE.......................................................90 
A3-1. Materials and Method........................................................................................90 
A3-2 Results ................................................................................................................90 
A3-3 Reference............................................................................................................91 



 

x 

LIST OF FIGURES 
Figure 2-1: Schematic structure of (a) a zeolite, (b) a methylimidazole (Hmim) ligand 
with the highlighted 145° angle between Zn-Hmim-Zn and (c) a tetrahedral structure 
of a zinc metal center in ZIF-8 coordinated to four Hmim ligands..............................15 
Figure 2-2: (A) X-ray diffraction patterns of ZIF8-ZnO-cotton (blue), ZnO-cotton 
(red), cotton fabrics (yellow) and of powdered ZIF-8 (purple). The source signal for 
each peak is labeled for the ZIF8-ZnO-cotton specimen. (B) Thermogravimetric 
analysis of cotton, ZnO-cotton and ZIF8-ZnO-cotton fabrics......................................20 
Figure 2-3. Scanning electron microscopy images of (A) scoured cotton, (B) seeded 
cotton with ZnO nucleation sites seen as bright white spots, (C) ZnO-cotton fabric, (D) 
ZIF8-ZnO-cotton fabric, (E) ZnO-cotton where the partial coating of the cotton can be 
seen, (F) ZIF8-ZnO-cotton showing complete coating of the cotton surface, (G) 
magnified image of the ZnO- cotton specimen (H) magnified image of the  ZIF8-ZnO-
cotton specimen............................................................................................................22 
Figure 2-4. (A) Low magnification STEM-HAADF image showing ZnO rods. (B) 
Interface between ZnO and ZIF-8 indicating the line scan of EDS (red line) and 
direction of the analysis (arrow). (C) EDS spectra along the line scan showed in (B), 
Cu signal corresponds to the TEM grid……………...……………………………….25 
Figure 2-5 (A) Zn and As EDS quantification using K lines from Fig 2-5 (B) Ratio 
As/Zn and STEM-HAADF intensity detector signal along the line scan.....................26 
Figure 2-6 The blue bars correspond to arsenate uptake by the fabrics (untreated 
cotton, ZnO-cotton and ZIF8-ZnO-cotton) at pH 7 after 24 hours, [As(V)] = 15 ppm. 
The orange bars correspond to zinc loss during the experiment...................................27 
Figure 3-1: Schematic of the two-step synthesis pathway to grow UiO-66 on the 
surface of cotton fibers: The first step is the carboxymethylation of cellulose, and the 
second step is the low-temperature solvothermal synthesis of the metal-organic 
framework (MOF) on the surface of the carboxymethylated fibers.............................37 
Figure 3-2. X-ray diffraction patterns for carboxymethylated cotton, UiO-66 powder, 
and cotton fabric functionalized with UiO-66…………….....………………….........42 
Figure 3-3. X-ray photoelectron spectroscopy (XPS) of a cotton fabric functionalized 
with UiO-66…………………………………......………………………………........43 
Figure 3-4. Scanning electron microscopy (SEM) images of (a) bare cotton fibers, and 
(b–d) cotton fibers functionalized with UiO-66 at different magnifications……........44 
Figure 3-5. (a) Scanning electron microscopy (SEM) image of a cotton fiber 
functionalized with UiO-66 with the energy-dispersive X-ray spectroscopy (EDX) 
mapped region highlighted in green; (b) EDX zirconium map of the highlighted area 
shown in (a)…………………….......................................................................……....45 
Figure 3-6. Transmission electron microscopy (TEM) image of a cotton fiber 
functionalized with UiO-66: (a) Cotton fiber cut along its fiber axis. The scale bar 
corresponds to 500 nm. (b) Magnification of the area delimited by the white square in 
(a). The scale bar corresponds to 100 nm…………….......………………………......46 
Figure 3.7. Fourier transform infrared spectroscopy (FTIR) spectra of bare cotton 
fabric, UiO-66 powder and UiO-66-functionalized cotton fabric………...........……..46 
Figure 3-8. Adsorption of MCPP by UiO-66-cotton and carboxymethylated cotton 
(CMC) after 7 h...............................................……………………………………......47 



 

xi 

Figure 3-9. Acetaminophen adsorbed on (a) bare cotton fabric and (b) cotton fabrics 
functionalized with UiO-66. The Fourier transform infrared spectroscopy (FTIR) 
spectra in blue represents time zero and the spectra after 10 min of exposure to UV is 
shown in red..................................................................................................................48 
Figure 4-1: Isoreticular UiO-MOFs: (a) schematic representation of UiO-66. 
Zirconium oxide cornerstones are shown in blue, and one of the ligands is highlighted 
in green (b) terephthalic acid (c) amino-terephthalic acid (d) 2,6-
naphthalenedicarboxylic acid, and (e) dibenzoic acid…..…........................................56 
Figure 4-2: Two successful reaction paths used in the experiments reported in this 
manuscript yielding functionalized cotton fabrics……………………....……............57 
Figure 4-3. X-ray diffraction patterns of cotton+UiO-67 (top, blue), cotton+UiO-66-
NDC (red, second from top), cotton+UiO-66-NH2 (yellow, middle) cotton+UiO-66 
(violet, second from bottom) and cotton (green, bottom)………………………….... 60 
Figure 4-4. Scanning electron microscopy images of (A) cotton+UiO-67 fabric, (B) 
magnified image of cotton+UiO-67, showing the MOF immobilized onto the fiber (C) 
cotton+UiO-66-NDC, (D) magnified segment of cotton+UiO-66-NDC, (E) 
cotton+UiO-66-NH2, (F) magnified image of cotton+UiO-66-NH2, (G) cotton+UiO-
66 fiber, and (H) magnified segment of cotton+UiO-66 fiber…………......…………61 
Figure 4-5: Thermogravimetric analysis of the MOF functionalized fabrics and of the 
scoured cotton specimens. Left: full temperature range from 30 to 900°C. Right: 
magnification between 800 and 900 °C……………….....……….......………………62 
Figure A1: UiO-66 functionalized cotton and carboxymethylated cotton fabrics after 
30 min UV light exposure; methylene blue remnants can be seen very clearly on the 
carboxymethylated cotton, but is very faint on UiO-66 functionalized cotton…….....76 
Figure A2-1. (A) Full fiber topography (NP3), the blue square is the tip position for 
the IR spectrum; (B) Topography of the central area of A), the red square is the tip 
position for the IR spectrum; (C) IR spectrum at positions highlighted in A) and 
B)...................................................................................................................................82 
Figure A2-2: (A) Topography of NP5, the square represents the location of the tip for 
the absorption spectrum. (B) Absorption spectrum taken at the position indicated by 
the square.….................................................................................................................85 
Figure A2-3: Homogeneity in the results: A) Topography of the center of NP5 with 
the positions at which the spectra were taken; B) Five spectra taken in the sea at 
position 1a; C) Five spectra taken close to the central islands at position 2a; D) All 
spectra from A) superposed………........................................................................…..86 
Figure A2-4: Topography image (a) and PET (b) and nylon (c) absorption maps of 
NP3, 300 nm thick sample…………….........………………………………….……..87 
Figure A3: A) Electrospun deacetylated cellulose nanofiber; B) UiO-66 
functionalized cellulose fibers from A; C) and D) magnification of the area 
highlighted in A) and B), respectively….................................................................….91



 

 xii 

LIST OF TABLES 
Table 4-1: Content (in % m/m) of metal-organic frameworks cotton+UiO-66, 
cotton+UiO-66-NH2, cotton+UiO-66-NDC and cotton+UiO-67…….............………63 
Table A2-1: Fibers specification; Nylon 6 RV 2.7 by BASF, F61HC Polyester 6.1 IV 
by Eastman, and F53HC Polyester, 5.3 IV by Eastman…....……………….......……81 
Table A2-2: IR absorption peaks; comparison with the literature...............................84 
Table A2-3: Intensities of the absorption peaks………………...……..............……..85 
 
 



 

 1 

CHAPTER 1 
INTRODUCTION 

1.1. Textiles 

Textile fibers are polymeric chains held together by entanglements and 

intermolecular forces forming a flexible structure [1]. The source from which the fiber 

was made dictates the characteristics (morphology and chemistry) of the fiber. The 

two main classification groups are natural and synthetic fibers. Natural fibers are 

generally divided into four subgroups: protein, cellulosic, mineral and rubber [2]. An 

important property of textile fibers is that they have good cohesiveness to be spun into 

yarns or used directly in fabric constructions. Fabrics are therefore defined as a 

collection of fibers or yarns and can be categorized into woven, knits, and non-woven. 

Woven and knits are made from weaving or knitting yarns, respectively. Non-wovens 

are made from fibers entangled and can be obtained naturally or by using heat, 

mechanical force, binders or combinations thereof [3,4]. The main advantages of 

woven fabrics over all other fabrics types are i) its mechanical strength and ii) the 

small fabric pore size [5]. Woven fabrics properties are controlled by the fabric’s 

structure, the finishes applied to the fabrics and by the properties of the yarn. In turn, 

the yarn properties depend on the yarn’s structure, the yarn’s finishes and the 

properties of the fiber. Lastly, the properties of the fiber are governed by the fiber’s 

chemistry and by its morphology. One modification on either structural level will yield 

fabrics with different properties. 
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1.1.1. Functionalized fabrics 

Fabric finishes add functionality to a fabric [6–8]. The advantages of applying 

the finish onto the fabric directly instead of onto individual fibers are mainly 

economical. In addition, the application of the finish onto the fabric avoids the 

mechanically challenging processes of fabric construction [9]. Disadvantages include 

uneven penetration or dispersion of the finish in or onto the fabric. Additionally, it is 

sometimes difficult to assess the amount of finish applied onto the material and this 

situation requires to pull yarns or fibers out of the fabric to determine whether a piece 

of fabric is dyed or finished. Current research in textile finishing focuses on flame 

retardancy [10], fabric-incorporated sensors [11,12], dyes [13], antibacterial [14,15], 

self-cleaning properties [16] and many more [17]. 

1.1.2. Cotton 

Cotton is one of the most widely used textile fiber and it has played important 

roles in the world economy and history. Nowadays, the main shares of the cotton 

market are held by China, India and the United States. Cotton fibers are harvested 

from the cotton plant and mainly composed of cellulose (80-90%) and water (6-8%) 

[18]. Natural cellulose fibers are negatively charged due to the presence of carboxylic 

acid groups originating from oxidation at the primary hydroxylic sites [19]. In 

addition, some of the hydroxyl groups on the hydroxymethyl side chains may be 

ionized at pH 8 increasing the negative charge significantly. 

Cotton shows higher tensile strength when wet than when dry [20]. Due to its 

versatility, cotton fibers can be made into different types of fabrics ranging from 

delicate and lightweight voiles to heavy, stress resistant sail cloths [21]. Cotton is 
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found in a large variety of wearing apparel, home furnishings, and industrial uses. 

Cotton fabrics can be extremely durable and resistant to abrasion. Cotton takes up 

many dyes, is usually washable, and can be ironed at relatively high temperatures. 

Cotton is comfortable to wear because it absorbs and releases moisture quickly.  

Reports of cotton functionalization include plasma treatments [22], attachment 

of nanomaterials such as carbon nanotubes [23], Zinc oxide nanorods [24], and 

macromolecules (cyclodextrin [25], enzymes [26]).  

1.2. Metal-Organic Frameworks 

Metal-organic frameworks, also called coordination polymers, are a class of 

materials that consist of inorganic cornerstones linked to each other in an extremely 

organized manner by organic molecules. This results in a highly crystalline, 

exceptionally porous material [27]. MOFs have attracted growing attention since the 

beginning of the 2000s due to the large variety of chemically, physically, and 

aesthetically interesting structures with large surface area that are useful in numerous 

fields [28,29]. Applications include gas storage and separation [30–32], catalysis [33], 

filtration [34], sensing [35], magnets [36], drug-release [37] and optics [38]. 

Prior to 1980, zeolites and zeolite-like materials were the major class of porous 

materials with three-dimensional crystalline structures [39]. Zeolites are typically 

synthesized using solvothermal synthesis, a method requiring closed pressure vessels 

heated above the boiling point of the solvent [40]. In contrast, coordination chemistry 

(the chemical pathway for most MOFs) is mostly based on temperature well below the 

boiling point to allow precipitation followed by slow evaporation of the solvent or 

recrystallisation. However, in the early 1990s, Hoskins and Robson, coordination 
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chemists from the field of crystallography, worked on the assembly of organic and 

inorganic building blocks in order to form porous crystalline structures [41]. Mild 

reaction conditions were used since weak interactions between the organic linkers and 

the inorganic cornerstones were expected. However, these findings and the growing 

discoveries of new MOFs pushed chemists with a background in the synthesis of 

zeolites to look at organic molecules as framework components rather than structure-

directing agents as they were used during zeolite synthesis [42,43]. These different 

approaches explain the multiple synthetic methods used nowadays in MOFs’ 

synthesis. 

1.2.1. Zeolitic Imidazolate Framework 8 (ZIF-8) 

 Zeolite materials are formed by tetrahedral Si(Al)O4 units that are covalently 

joined by bridging Oxygen atoms, resulting in more than 150 different types of 

frameworks [44]. In zeolitic imidazolate frameworks, the Si/Al units are replaced by 

Zinc. First reported by Park et al. in 2006, ZIF-8 is formed by two Zinc atoms each of 

which are coordinated to each side of a 2-methylimidazolate molecule [45]. ZIF-8 

starts to degrade at 550°C therefore exhibiting higher thermal stability than most 

zeolites and shows chemical resistance to boiling alkaline media (NaOH 8 M), water, 

and organic solvents such as benzene and methanol [45,46]. ZIF apertures are 

typically smaller than most MOF [47] and ZIF-8 in particular exhibit high diffusive 

selectivity for molecules of similar size (e.g., propylene over propane) [48–50]. The 

difference in the diffusion kinetics between the above-mentioned gas pair creates a 

brief kinetic selectivity that differs from the equilibrium selectivity. The microporosity 

of ZIF-8 (aperture size 3.26 Å) is close to the kinetic diameter of propylene and 
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therefore even slight differences in molecular size (0.2 – 0.3 Å) result in different 

energy barriers, therefore enabling kinetic separations [51]. 

 As a powder, ZIF-8 has found applications in sensors [52,53], biochemistry 

[54], catalysis [55], gas separation and storage [56–59], and in medicine as drug-

carriers [60,61]. Ostermann et al. were the first to report on highly porous nanofibers 

obtained by electrospinning ZIF-8 nanoparticles with polyvinylpyrrolidone (PVP) as a 

carrier polymer [62], thereby increasing the surface area by a factor 5. Armstrong and 

coworkers electrospun a ZIF-8 loaded poly(ethylene oxide) dope and showed that 

higher loadings are required for making the adsorption sites available on the surface of 

the fibers [63]. While electrospinning can be achieved in a laboratory setting, the 

drawback come from the difficulties in large volume processing as well as in the 

accuracy and reproducibility in the fabrication stages. Nanofibers are prone to tear, 

since they cannot withstand larger mechanical stresses and strains, thereby limiting 

their applications in fields like water filtration. In 2018, Su et al. showed that ZIF-8 

could be grown directly onto wood pulp [64] in their preparation of air filters, but 

uncoated cellulose areas on the fibers was still visible under SEM observation. The 

adsorption sites being provided primarily by ZIF-8, coating is desired. 

1.2.2. UiO: Zirconium-based Metal-Organic Framework 

In 2008, Lillerud et al. reported a new family of Zirconium-based MOFs they 

named UiO-66, 67 and 68 (UiO stands for University of Oslo) with unprecedented 

thermal, chemical, and mechanical stability [65]. This new MOF family has excellent 

stability in acidic and basic media because of the reversible changes between 

[Zr6O4(OH)4] and [Zr6O6] structures [66–68]. In addition, UiO MOFs proved to be 
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resistant to humidity and temperature up to 300-375 ºC [69]. In addition to these 

remarkable properties, post-synthetic exchange of metal and ligand without 

framework changes have been reported [70,71]. 

The large majority of reports concerning the UiO-family are focused on the powder 

form [70,72–74], whereas fewer work is dedicated to film formation or fiber 

functionalization, as discussed in paragraph 1.3 below. 

1.3. MOF-Functionalized Textiles 

Metal-organic frameworks can be customized by modulation of their pore size, 

topology and the chemistry of their components. Their applications can be further 

extended to domains where powder is not optimal to use. Textile functionalization is 

one of the areas where MOFs have started to appear [75,76]. MOFs are promising 

candidates for future developments in textile applications [75,77–80]. 

This thesis aims at exploring the use of MOFs to functionalize textile fibers 

and to identify applications to these new substrates such as water purification, removal 

and decomposition of micropollutants, and adsorption of toxic compounds. 
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CHAPTER 2 
SYNTHESIS OF A ZINC-IMIDAZOLE METAL-ORGANIC 

FRAMEWORK (ZIF-8) USING ZNO RODS GROWN ON COTTON 
FABRICS AS PRECURSORS: ARSENATE ABSORPTION STUDIES 

This work was published in Cellulose, 27, 6399–6410 (2020) 
https://doi.org/10.1007/s10570-020-03216-4 

 
 
2.1. Abstract 

A Zn-imidazolate metal-organic framework, ZIF-8, was synthesized using 

ZnO nanorods grown on cotton fibers as precursors. We monitored the synthesis path 

via X-Ray Diffraction, Scanning Electron Microscopy, and thermogravimetric 

analysis. The fibers were evaluated by their capacity to absorb arsenate from aqueous 

solutions and we used Scanning Transmission Electron Microscopy- High Angle 

Annular Dark-Field (STEM-HAADF) Imaging to observe the transport gradient of 

arsenate across the ZIF layer and the ZnO interface.  The uptake of arsenate in the 

fibers coated with ZIF-8 on top of the ZnO rods, at pH 7, was of 70% while the uptake 

of the fibers coated only with ZnO rods was 38%.  In addition to the enhanced uptake 

capacity, the fibers containing ZIF-8 also exhibited lower amounts of Zn leaching into 

the arsenate solutions. These results provide insights on the synthesis of Zn-Imidazole 

metal-organic frameworks and confirm the potential use of ZIF-8 in the removal of 

arsenate from contaminated water streams. 
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2.2 Introduction 

 Zinc oxide, a II-VI semiconductor with a hexagonal structure (P63/mmc) and 

amphoteric acid-base properties has been used in the photocatalytic degradation of 

pollutants [1–3] and the uptake of inorganic pollutants from aqueous solutions [4]. 

Arsenic remains on the top of the list of water contaminants and the IARC includes 

arsenic and inorganic arsenic compounds in group 1 of carcinogens (IARC Working 

Group on the Evaluation of Carcinogenic Risks to Humans and International Agency 

for Research on Cancer 2012). Inorganic arsenic species such as As(III) and As(V) 

can be found in natural waters due to weathering of exposed rocks and leaching of 

subsurface minerals caused by geothermal fluids or mining [5,6]. While arsenic has 

industrial applications in agriculture, the semiconductor industry, and medicine [7], 

exposure to arsenic can cause arsenicosis, a condition that can evolve into cancer, liver 

disease, complications of the nervous system and eventually death. Current methods 

for the removal of arsenic include oxidation, coagulation-flocculation, and membrane 

filtration (ultrafiltration, reverse-osmosis and nanofiltration) [8]. Adsorption on Fe3O4 

and ZnO are potential alternatives for the removal of arsenic, however the leaching of 

iron and zinc ions has been cited as a major drawback for their use in drinking water 

purification processes [9,10]. A potential solution to this problem is the growth of an 

insoluble and pH-stable porous material on the surface of the ZnO surface. 

 Zeolitic imidazolate frameworks (ZIFs) are a subclass of highly porous and 

highly crystalline metal–organic frameworks (MOFs) [11]. ZIFs are formed via self-

assembly and have a similar topology to that of aluminosilicate zeolites as shown in 

Figure 2-1 (a). However, in ZIF structures, the tetrahedral Al/Si centers and the 
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bridging oxygen atoms found in zeolites are replaced by divalent M–Im–M structures 

(M = Zn, Co and Im = imidazole or methylimidazole (Hmim) linkers as shown in 

Figure 2-1 (b). Both ZIFs and zeolites have a 145° bond angle [12,13]. 

 

Figure 2-1: Schematic structure of (a) a zeolite, (b) a methylimidazole (Hmim) ligand with the 
highlighted 145°  angle between Zn-Hmim-Zn and (c) a tetrahedral structure of a zinc metal 

center in ZIF-8 coordinated to four Hmim ligands. 

 Since their discovery in 2006 and due to their high thermal stability and large 

surface area, ZIFs have found applications in gas storage and gas separations [14–18], 

catalysis [19–23], and sensing [24–27]. ZIF-8 MOFs are formed by zinc metal centers 

coordinated to 2-methylimidazole and have been used in many form factors including 

powders [28–31], membranes and thin films [32–36]. 

Work by Jian et al. has shown that ZIF-8 crystals can adsorb As (III) 

(maximum adsorption capacity qmax = 49.49 mg/g) and As (V) (qmax = 60.03 mg/g) 

at neutral pH and room temperature [37]. The time for adsorption equilibrium was 

reported to be 13 hours for As (III) and 7 hours for As (V).  Jian et al.’s experimental 

results indicate that adsorption rates are mainly governed by pore diffusion rather than 
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transfer from the bulk of the solution to the surface of the sorbent. Adsorption kinetics 

for both systems were found to be of second order. Interestingly, the rate constant for 

As (V) was found to be five times higher than the rate constant for As (III). This 

difference in kinetics was attributed to electrostatic interactions. Other authors have 

noted similar findings [38] and have indicated that the positive net charge of ZIF-8 at 

pH 7.0 has increased attraction towards a charged AsO43- than towards an uncharged 

As2O3. 

 The use of Metal Organic Frameworks in a fibrous form factor has recently 

been explored by several authors [39–42]. There are significant advantages in using 

fibers as they can be easily manufactured into filtration media, functional fabrics and 

flexible porous surfaces with high mechanical stability. Functionalized cellulosic 

fibers have already shown potential for water filtration applications [43,44].  

Su et al. [45] reported the direct growth of ZIF-8 nanocrystals onto wood pulp 

and the resulting material achieved 99.9% filtration efficiency for airborne particles. 

Their synthesis pathway did not use a previous modification of the cellulose fibers 

prior to the formation of ZIF-8, which resulted in irregular coatings due to the fast 

kinetics of ZIF-8 crystal formation [45].  

Cotton fibers are an order of magnitude larger than wood pulp fibers, hence the 

surface area available to ZIF-8 growth is significantly reduced. While woven fabrics 

offer smaller surface to volume ratios, they can sustain stronger mechanical strains 

than nanofiber mats [46]. The fast growth kinetics for ZIF-8 implies that using a one-

step growth method to synthesize ZIF-8 onto cotton fibers would yield ZIF-8 clusters 

sparsely distributed. To maximize ZIF-8 fiber coverage, we propose an alternate route 
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that involves the initial growth of zinc oxide throughout the fabric. High surface 

coverage of zinc oxide rods can be achieved in cellulose and these rods can be used as 

a zinc source for the subsequent growth of ZIF-8. 

Zinc oxide has been used as the zinc source for the growth of unsupported ZIF-

8 [47–49] and there are also reports on the formation of zinc oxide crystals onto 

cellulose fibers and fabrics [48,50–52] In this manuscript, we present a method that 

uses ZnO rods both as a source for Zn2+ ions and a nucleation site for the growth of 

ZIF-8 on the surface of cotton fibers. We also assess the ability of the modified fibers 

to remove As (V) from water. Since the density of nucleation sites and the availability 

of zinc are limiting factors for the growth of ZIF-8, we hypothesize that that having 

zinc oxide crystals immobilized onto cotton, will yield a higher surface coverage of 

ZIF-8 over cotton fabrics.  

2.3. Experimental 

2.3.1. Materials 

All reagents were used as received except for the woven cotton fabrics 

(TestFabrics, Inc., West Pittston, PA) which were laser cut into 2x2 cm swatches, 

scoured, dried and conditioned at room temperature before use. 

2.3.2. ZnO Seeding 

ZnO seeding was performed following a method reported by Ozer et al. [53]. 

In this method, zinc acetate dihydrate (1.10 g, Sigma Aldrich, ≥98%) is dissolved in 

50 mL isopropanol (Macron Chemicals) and stirred vigorously for 15 min at 80 °C. 

Triethylamine (700 Ul, Sigma Aldrich, ≥99.5%) is added dropwise and the solution is 

stirred for 10 min before being cooled down to room temperature and incubated for 3 
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hours. Cotton swatches are dipped into the seeding solution for 5 min, wash with 

ethanol (Macron Chemicals) and suspended on a drying rack at 120 °C inside an oven 

during 1 hour. 

2.3.3. ZnO Growth 

We grew zinc oxide crystals following the method described by Ozer et al. 

[54]. In this method, the growth solution is prepared by dissolving 7.71 g of 

hexamethylenetetramine (Sigma-Aldrich) in 550 mL DI water. 16.4 g zinc nitrate 

hexahydrate (Alfa Aesar) are added and the solution stirred for 24 hours at room 

temperature. The seeded swatches were secured to a glass slip using scotch tape, 

incubated overnight in the growth solution at 90 °C, and incubated for additional 8 

hours at room temperature. The swatches were washed with DI water and dried at 

room temperature. 

2.3.4. ZIF-8 synthesis 

The ZnO nanorod crystals grown on the surface of the cotton fibers were used 

to synthesize ZIF-8 metal-organic structures via a solvothermal [55]. 2-

methylimidazole (Hmim, 0.1650 g, Chem-Impex International Inc.) was dissolved in a 

16 mL mixture of DMF:H2O (3:1 v/v). A cotton swatch with ZnO crystals was added 

to the solution and incubated in a tightly closed container at 70 °C for 24 hours. The 

resulting specimens, named thereafter as ZIF8-ZnO-cotton, were washed three times 

in DMF (Macron Chemicals) and further washed three times in ethanol before they 

were hung to dry overnight. 
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2.3.5. Characterization 

The specimens were characterized by x-ray diffraction (XRD, Bruker D8 

powder diffractometer with Cu Ka radiation), scanning electron microscopy (SEM, 

LEO 1550 FESEM), scanning transmission electron microscopy with in situ energy 

dispersive spectroscopy-STEM-HAADF-EDS (FEI Titan G² operated at 300kV, probe 

corrected and with an EDAX detector), and thermogravimetric analysis (TGA 550, TA 

Instruments, heating rate of 10 °C/min). 

2.3.6. Arsenate uptake experiments 

A 1000 ppm As (V) stock solution was prepared by dissolving Na2HAsO4. 

7H2O (1 g, Chem-Impex International Inc.) in DI water. The stock solution was 

diluted to 40 ppm and its pH adjusted to 7. ZIF8-ZnO-cotton, ZnO-cotton and scoured 

cotton fabric swatches were dried for 24 hrs in an oven prior to the uptake 

experiments. Fabric swatches of approximately 0.2 g were immersed in 20 mL of the 

As (V) solution and vigorously shaken at room temperature for 24 hrs. The 

concentrations of arsenic and zinc in the solution were determined via Inductively 

Coupled Plasma-Atomic Emission Spectroscopy ICP-AES (SPECTRO Analytical 

Instruments, Inc.) using EPA method 6010B. 

2.4. Results and discussion 

2.4.1 Materials characterization 

Figure 2-2A shows the X-ray diffraction patterns of three specimens which 

correspond to the modification steps followed in our experimental procedure: scoured 

cotton, ZnO-cotton and ZIF8-ZnO-cotton. 



 

 20 

 

Figure 2-2: (A) X-ray diffraction patterns of ZIF8-ZnO-cotton (blue), ZnO-cotton (red), 
cotton fabrics (yellow) and of powdered ZIF-8 (purple). The source signal for each peak is 
labeled for the ZIF8-ZnO-cotton specimen. (B) Thermogravimetric analysis of cotton, ZnO-

cotton and ZIF8-ZnO-cotton fabrics 

In Figure 2-2(A), the scoured cotton specimen exhibits broad diffraction peaks 

commonly assigned to cellulose I [56]. A clear superposition of the cellulose I 

diffraction peaks can be observed for all three fabric specimens, indicating that the 

crystallinity of the cotton fibers was not affected. The red trace in Figure 2-2(A) shows 

intense and narrow diffraction peaks between 32° and 37° corresponding to the (100), 

(002) and (101) crystal planes of ZnO wurtzite (JCPDS Card, File No. 36-1451). The 

diffraction trace of powdered ZIF-8, reported in purple in Figure 2-2(A), shows peaks 

corresponding to a ZIF-8’s sodalite structure located at 7.5°, 10.2°, 12.7°, 18.8°, that 

can be associated with the (011), (022), (112) and (222) crystal planes [57] and are in 

quantitative agreement with the diffraction pattern of powder ZIF-8 originally reported 

by Park et al. [11]. The blue trace shows the diffraction pattern of the ZIF8-ZnO-

cotton specimen which superimposes all peaks from the other specimens confirming 

the additive nature of our experimental approach.  
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Figure 2-2(B) shows the thermogravimetric analysis (TGA) thermograms for 

the cotton, ZnO-Cotton and ZIF8-ZnO-Cotton specimens. A small weight loss 

between 30 and 100 °C, due to water loss (3-4%), is noted for all specimens. The 

abrupt weight loss between 300 and 370 °C and the subsequent gradual weight loss 

between 370 and 650 °C is related to the oxidative degradation of cellulose chains. 

The organic residue from pyrolysis occurs at temperatures higher than 400 °C [57,58]. 

The samples containing ZIF-8 exhibit a shift in the mass loss between 300 and 370°C, 

indicating that the presence of a ZIF coating increases the thermal stability of the 

fabric. The thermogram for the unmodified cotton specimens shows a full 

transformation into H2O and CO2 leaving no solid residues. For the ZnO-cotton 

specimen, the remaining 14% mass at 700 °C is assigned to the mass of ZnO deposited 

on the cotton fibers. The ZIF8-ZnO-cotton specimens show a total mass loss of 84%. 

ZIF-8 starts degrading at 550 °C and fully decomposes at 650°C [11].  

The chemical transformation of ZnO to ZIF-8 during synthesis implies the 

replacement of one oxygen atom (16 g/mol) by one Hmim molecule (82 g/mol). This 

means that a larger mass fraction associated with organic species shall be present in 

the ZIF8-ZnO-cotton specimen. However, the thermogram shows a slightly lower total 

mass loss. To explain this difference, the mass of zinc lost in solution must be higher 

than the additional mass added through the substitution of Oxygen by Hmim. As 

previously reported by Kong et al. [59], ZnO dissolves before precipitating again as 

ZIF-8 and some of those Zn2+ ions remain in solution hence reducing the final amount 

of Zn mass in the fabrics. 
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Figure 2-3. Scanning electron microscopy images of (A) scoured cotton, (B) seeded cotton 

with ZnO nucleation sites seen as bright white spots, (C) ZnO-cotton fabric, (D) ZIF8-ZnO-
cotton fabric, (E) ZnO-cotton where the partial coating of the cotton can be seen, (F) ZIF8-

ZnO-cotton showing complete coating of the cotton surface, (G) magnified image of the ZnO- 
cotton specimen (H) magnified image of the  ZIF8-ZnO-cotton specimen. 

The surface morphology of the fabrics was assessed via scanning electron 

microscopy (SEM). In Figure 2-3(A), the scoured cotton specimen shows a smooth 
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surface devoid of visible heterogeneities. Figure 2-3(B) depicts a ZnO-seeded fiber 

with a high number of growth sites appearing as small bright spots across the fiber. 

Figure 2-3(C) and 2-3(D) show a low magnification of the cotton fabrics 

functionalized with ZnO and ZIF-8-ZnO in which the crystals formations are clearly 

noted. One can observe that some areas of the cotton’s surface are void of ZnO rods 

(Figure 2-3(E)). The hexagonal wurtzite shape of the ZnO crystals can be clearly seen 

in Figure 2-3(E) and at higher magnification in Figure 2-3(G). ZnO crystals grow 

primarily on the nucleating sites which act as seeds and offer a thermodynamically 

favorable starting location for crystalline growth [60]. Figure 2-3(F) shows a fiber 

where ZnO crystal surfaces have morphed from the hexagonal shape of ZnO (space 

group P63mmc) to ZIF-8’s cubic structures (space group I-43m). The difference in the 

microstructure is clearly noted in the SEM images, where small cubes appear attached 

to the ZnO hexagonal rods. The SEM images obtained at higher magnification (Figure 

2-4(H)) show that not only the ZIF-8 crystals grow onto the ZnO rods, but also some 

of these ZIF-8 crystals are present on the cotton’s surface. This finding confirms that 

zinc dissolves from the ZnO crystals into solution and precipitate as ZIF-8 [47]. 

2.4.2. Arsenate uptake experiments 

To explore the potential use of ZIF-8 functionalized fabrics in the adsorption 

of As (V) from water, the uptake of the fabrics was tested using a solution with 40 

ppm of As (V) at pH 7. The specimens were submerged in the As (V) solution for 24 

hours under vigorous stirring. 

We used High Angle Annular dark-field (HAADF) to probe the samples 

impregnated with the arsenate solution. Our aim was not only to better understand the 

morphology of the coatings, but also to map the distribution of As (V) across the ZIF-

8 and ZnO structures. Figure 2-4 shows a low (Fig. 2-4(A)) and high (Fig. 2-4(B)) 
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magnification STEM-HAADF image of a ZIF8-ZnO-cotton specimen. The low 

magnification image shows a ZnO nanorod morphology which is in agreement with 

that observed in the SEM images. The low density of the ZIF-8 phase it is not 

observable at this magnification. In the high magnification image, the ZIF-8 phase is 

observed on the surface of the ZnO as a blurred layer of about 70nm in thickness. The 

red line in Figure 2-4(B) indicates the line scan along which the EDS analysis (Figure 

2-4(C)) was performed and the arrow indicates the direction of the analysis. The 

STEM-HAADF images confirm that the ZnO morphology is retained under the ZIF-8 

phase, and that ZIF-8 crystals have grown using ZnO as support without a complete 

destruction of zinc oxide crystals. Our imaging provides direct confirmation to 

previously reported hypothesis on the nature of the  ZnO- ZIF-8 system [48,55,61,62]. 

Figure 2-5(C) shows the EDS spectra acquired along the line scan in which the main 

visible lines correspond to the L and K lines of Zn, As and Cu (copper signal 

originates from the TEM grid). While the Cu signal remains constant along the line 

scan, the Zn signal increases monotonically as the scan goes through the ZIF-8 

structure into the ZnO nanorod.  The highest intensity for As is located in the ZIF-8 

region. 



 

 25 

 
Figure 2-4. (A) Low magnification STEM-HAADF image showing ZnO rods. (B) Interface 

between ZnO and ZIF-8 indicating the line scan of EDS (red line) and direction of the 
analysis (arrow). (C) EDS spectra along the line scan showed in (B), Cu signal corresponds 

to the TEM grid 
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Figure 2-5 (A) Zn and As EDS quantification using K lines from Fig 2-5 (B) Ratio As/Zn and 
STEM-HAADF intensity detector signal along the line scan 

The quantification of Zn and As signals is shown in Figure 2-5(A). To better 

illustrate the distribution of As in the sample, the As atomic percent was normalized to 

the Zn atomic percent and plotted along the intensity signal from the STEM-HAADF 

as shown in Figure 2-5(B). The STEM-HAADF intensity signal is proportional to the 

density of the material and therefore can be used to identify the boundaries between 

ZIF-8 and ZnO. Following the line scan, at around 30nm, the STEM-HAADF signal 

grows with the beginning of the ZIF-8 phase and the ratio As/Zn rises. Around 100nm 

the STEM-HAADF signal grows again with the onset of the ZnO phase and the As/Zn 

ratio decreases.  These profiles confirm that As is mainly present in the ZIF-8 domain.   

We also measured the amount of arsenate and zinc in the remaining solution 

using ICP-AES. Figure 2-6 shows the uptake by the functionalized fabrics (ZnO-

cotton and ZIF8-ZnO-cotton) as well as amount of Zn released into the solution. 



 

 27 

Figure 2-6 The blue bars correspond to arsenate uptake by the fabrics (untreated cotton, 
ZnO-cotton and ZIF8-ZnO-cotton) at pH 7 after 24 hours, [As(V)] = 15 ppm. The orange bars 

correspond to zinc loss during the experiment. 

As expected, the adsorption of As (V) by the unmodified cotton fabrics is negligible. 

The ZnO-cotton fabric removed 38% of the initial As(V) concentration whereas ZIF8-

ZnO-cotton removed up to 70% of the initial As(V) after 24 hours. At pH 7, arsenate 

is present in water as H2AsO4- and HAsO42-. 

Li et al. [63] studied the adsorption mechanism of arsenate onto ZIF-8 using 

XPS and FTIR, and showed an inner-sphere complex formation between arsenate and 

the hydrated Zn-OH sites. Jian et al. [37] showed that electrostatic interactions greatly 

accelerate the adsorption rate of the arsenate anion onto the positively charged surface 

of ZIF-8 (zero point charge is 9.6) at pH 7 because the adsorption rate of As(V) is 

faster than the adsorption rate of the neutral As(III) species. Both authors recognize 

that the large surface area of ZIF-8 offers more adsorption sites than other adsorbents, 

an observation that is in quantitative agreement with our findings. 
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Jian et al. [37] showed a maximal absorption capacity of 60 mg As(V) per 

gram of ZIF-8 and Li et. al [63] obtained 76.5 mg/g of pure adsorbent. Our results 

indicate that when the ZIF-8 is immobilized onto the cotton fabrics, these fabrics can 

remove up to 70% of As(V) at an initial concentration of 15 ppm, which corresponds 

to 52.5 ppm of As(V) per gram of functionalized fabric. 

The absorption mechanism of As(V) by ZnO-cotton is dominated by 

electrostatic interactions between the negatively charged anion (pKa 6x10-10) and the 

positive surface charge of ZnO-cotton [64,65]. The increased arsenate uptake by ZIF-

8-ZnO-cotton fabric can be partly explained by both the higher active surface area of 

ZIF-8 and by the dissolution of ZnO into water [66]. The dissolution of ZnO into 

water at neutral pH values has been noted in previous reports [67,68]. 

2.5. Concluding remarks 

We report on the use of ZnO wurtzite crystals, as a source for Zn(II) ions and 

as a nucleation site for the growth of ZIF-8 on the surface of cotton fabrics. This two 

step-approach resulted in a higher coverage of ZIF-8 over the cotton’s surface. X-ray 

diffraction data confirmed that the ZnO phase is present along with the ZIF-8 phase 

and STEM-HAADF imaging along with insitu EDS provided a quantitative analysis 

of the ZIF-8 layer. Analysis of the As solution after the absorption experiments 

indicate that the fabrics coated with ZIF-8 had an Arsenate uptake of 70%, 

corresponding to 52.5 ppm of As(V) adsorbed per gram of functionalized fabric. 

These results confirm the potential use of ZIF-8 structures in the removal of inorganic 

pollutants from water and provide insights into the growth of ZIF-8 from ZnO 

precursors. 
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CHAPTER 3 
DECORATION OF COTTON FIBERS WITH A WATER-STABLE METAL–

ORGANIC FRAMEWORK (UIO-66) FOR THE DECOMPOSITION AND 
ENHANCED ADSORPTION OF MICROPOLLUTANTS IN WATER 

This work was published in Bioengineering, 5, (1), 14-25 (2018) 
https://doi.org/10.3390/bioengineering5010014 
 

3.1 Abstract 

We report on the successful functionalization of cotton fabrics with a water-

stable metal–organic framework (MOF), UiO-66, under mild solvothermal conditions 

(80 °C) and its ability to adsorb and degrade water micropollutants. The functionalized 

cotton samples were characterized by X-ray diffraction (XRD), scanning electron 

microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), transmission 

electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), and X 

ray photoelectron spectroscopy (XPS). UiO-66 crystals grew in a uniform and 

conformal manner over the surface of the cotton fibers. The cotton fabrics 

functionalized with UiO-66 frameworks exhibited an enhanced uptake capacity for 

methylchlorophenoxypropionic acid (MCPP), a commonly used herbicide. The 

functionalized fabrics also showed photocatalytic activity, demonstrated by the 

degradation of acetaminophen, a common pharmaceutical compound, under simulated 

sunlight irradiation. These results indicate that UiO-66 can be supported on textile 

substrates for filtration and photocatalytic purposes and that these substrates can find 

applications in wastewater decontamination and micropollutant degradation. 
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3.2 Introduction 

Metal–organic frameworks (MOFs) are highly tunable, porous materials with 

applications in gas adsorption [1-6], separation [7-9], catalysis [10-13], and filtration 

[14]. Zirconium-based MOFs in particular are of great interest because of their thermal 

stability [15] and their robustness over large ranges of pH [16]. UiO-66, a zirconium-

based MOF, has excellent stability in water [17], making it an excellent candidate for 

the removal of micropollutants in aqueous systems [18-20]. However, the fact that 

these MOFs are synthesized almost exclusively in powder form may hinder their 

potential in applications requiring the use of large and mechanically stable, yet flexible 

surfaces. Textiles are mechanically stable and flexible substrates that can be 

manufactured in large volumes. 

While the growth of MOFs on metal oxides has been amply reported, only few 

of these reports have discussed the coordination of the metal in the MOFs to fibers or 

textiles [21-27]. In one of these few reports, Zhao et al. [25] describe a method for the 

formation of MOF–nanofiber kebabs on Nylon-6 nanofibers using atomic layer 

deposition (ALD). ALD is a highly effective technique for precision coating, but 

because it requires the use of sophisticated equipment under controlled vacuum 

conditions, it remains expensive and rather difficult to scale up to large surfaces. 

Herein, we report on the growth of UiO-66 on cotton, using methods amenable 

to existing manufacturing processes used in the textile industry. Figure 3-1 shows the 

two-step synthesis pathway followed: The first step is the carboxymethylation of the 

cotton substrates [21], and the second step is the low temperature solvothermal 

synthesis of the MOF on the surface of the carboxymethylated fibers. 
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Figure 3-1: Schematic of the two-step synthesis pathway to grow UiO-66 on the surface of 
cotton fibers: The first step is the carboxymethylation of cellulose, and the second step is the 

low-temperature solvothermal synthesis of the metal-organic framework (MOF) on the 
surface of the carboxymethylated fibers 

Methylchlorophenoxypropionic acid (MCPP) is commonly used as a 

phenoxyacid herbicide, and it has been frequently detected in groundwater sources 

[28]. This contaminant can be partially removed by processes such as advanced 

oxidation and granular activated carbon filtration [29,30]. However, further 

improvements are needed because of issues related to the effectiveness, cost and 

environmental sustainability of these processes [31-33]. Seo et al. published promising 

results showing that the adsorption rate of MCPP onto UiO-66 (powder) was about 70 

times faster than the adsorption rate of MCPP onto activated carbon. In the same 

report, it was shown that the adsorption capacity of UiO-66 was 7 times higher than 

that of activated carbon, particularly at low concentrations of MCPP [34]. 
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In addition to herbicides, the presence of pharmaceutical products, such as 

acetaminophen (paracetamol), in natural waters, drinking water, and sewage, as well 

as in industrial and household waste streams has increased as a result of the growing 

consumption of antibiotics, anti-inflammatories and other readily available drugs. The 

long-term effects of exposure to pharmaceutical products in drinking water have not 

yet been fully determined, and the removal of these micropollutants from water 

remains a priority. In this manuscript, we evaluate the ability of cotton fabrics 

decorated with UiO-66 to absorb MCCP and to decompose acetaminophen. 

3.3 Materials and Methods 

All reagents were purchased from commercial sources and were used without 

further purification as follows: zirconium(IV) chloride (ZrCl4, ≥99.5%; Aldrich, St. 

Louis, MO, USA), terephthalic acid (98%; Alfa Aesar, Haverhill, MA, USA), N,N-

dimethylformamide (DMF; Mallinckrodt Chemicals, Phillipsburg, NJ, USA), 

deionized (DI) water, sodium hydroxide (NaOH pellets; Macron), non-ionic surfactant 

Triton X-100 (0.08%; Electron Microscopy Sciences, Hatfield, PA, USA), isopropyl 

alcohol (Aldrich), acetic acid (Macron, glacial), sodium chloroacetate (98%; Aldrich), 

hydrochloric acid (HCl, 36.5–38%; J.T. Baker), methylchlorophenoxypropionic acid 

(Mecoprop, Santa Cruz Biotechnology, Dallas, TX, USA), and acetaminophen 

(Spectrum Chemical MFG Corp, New Brunswick, NJ, USA). Standardized cotton 

fabrics TIC-400 were obtained from Testfabrics, Inc. (West Pittston, PA, USA) and 

were cut into 2 × 2 cm2 squares using a laser cutter. 
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3.3.1. Scouring 

A scouring solution was prepared by dissolving 5 g of NaOH, 1.5 g of Triton 

X and 0.75 g of acetic acid in 500 mL of DI water. The cotton swatches were 

immersed in the scouring solution at 100 °C following a procedure reported by Ozer et 

al. [35]. After scouring, the swatches were rinsed with DI water and hung to dry at 

room temperature. 

3.3.2. Carboxymethylation  

Carboxymethylation of the cotton swatches was performed by slightly 

modifying a method reported by Pushpamalar et al. [36]. The scoured cotton swatches 

were dipped in 100 mL of isopropyl alcohol; 10 mL of 30% (w/v) sodium hydroxide 

was added dropwise and stirred for 1 h at room temperature. The solution was heated 

up to 45 °C, and 6.0 g of sodium monochloroacetate was added the reaction flask. 

After 3 h of vigorous stirring, the cotton swatches were cured at 85 °C for 30 min. The 

cotton swatches were washed with DI water and hung to dry at room temperature. 

Anionization of the substrates was achieved by dipping the modified cotton swatches 

in a solution of diluted acetic acid (0.2 mL in 100 mL of H2O) for 5 min, followed by 

washing the swatches with water and hanging at room temperature. 

3.3.3. Growth of UiO-66 on the Surface of Cotton Fabrics 

UiO-66 was prepared according to the procedure reported by Katz et al. [37]. 

The metal precursor solution was prepared by dissolving ZrCl4 (125 mg, 0.54 mmol) 

in a mixture of 5 mL of DMF and 1 mL of concentrated HCl and sonicating for 10 

min. In a separate beaker, terephthalic acid (123 mg, 0.75 mmol) was dissolved in 10 

mL of DMF and added to the metal precursor solution. Deprotonated 
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carboxymethylated cotton swatches were dipped into the solution and left overnight at 

80 °C in a tightly sealed container. The resulting fabric was washed in DMF (1 h) and 

H2O (1 h) and was dried at room temperature. UiO-66 in powder form was obtained 

under the same conditions as are described above but without the addition of the 

cotton swatches to the reaction vessel. 

3.3.4. Characterization of the Samples 

X-ray diffraction (XRD) experiments were performed on a Bruker D8 powder 

diffractometer with a step size of 0.04°. X-ray photoelectron spectroscopy (XPS) was 

performed using a Surface Science Instruments SSX-100 with an operating pressure of 

~2 × 10−9 Torr. Monochromatic Al Kα X-rays (1486.6 eV) with a 1 mm diameter 

beam size were used. Photoelectrons were collected at a 55° emission angle. A 

hemispherical analyzer determined the electron kinetic energy using a pass energy of 

150 V for wide/survey scans and of 50 V for high-resolution scans. A flood gun was 

used for charge neutralization. 

Scanning electron microscopy (SEM) and energy-dispersive X-ray 

spectroscopy (EDX) were performed on a LEO 1550 FESEM (Keck SEM); the 

specimens were coated with a thin layer of Au-Pd or carbon for SEM and EDX. SEM 

imaging required an electric potential of 5 keV and an aperture of 30 µm, while EDX 

was performed using 7 keV and a 240 µm aperture. Transmission electron microscopy 

(TEM) was performed on a 120 kV field FEI T12 Spirit transmission electron 

microscope equipped with a LaB6 filament, single and double tilt holders, a SIS 

Megaview III CCD camera, and a STEM dark field and bright field detector. For the 

preparation of the TEM samples, the textile samples were immobilized in an epoxy 
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resin mold and cured at 65 °C for 24 h. The immobilized sample was cut into 90 nm 

thick slides using an ultra-microtome and a diamond knife. Fourier transform infrared 

spectroscopy (FTIR) spectra were obtained with a Nicolet iS5 FTIR (Thermo Fisher 

Scientific) in ATR mode. 

3.3.5. MCPP Uptake Experiments 

Four cotton swatches functionalized with UiO-66 (0.2341 g) and four cotton 

swatches that underwent carboxymethylation (0.2349 g) were cut into small pieces 

using a laser cutter and were dried overnight in an oven at 100 °C. The swatches were 

immersed into aqueous solutions of MCPP (20 ppm, with a pH of 4.0 adjusted with 

0.1 M HCl), which were prepared following the procedure reported by Seo et al. [34]. 

After 7 h and 24 h of vigorous stirring, the uptake of MCPP was determined using the 

UV absorbance at 279 nm. 

3.3.6. Degradation of Acetaminophen 

Acetaminophen (500 mg) was dissolved in 10 mL ethanol. Unmodified cotton 

samples (controls) and cotton samples functionalized with UiO-66 were dipped into 

the acetaminophen solution for 1 min. The wet samples were dried at 80 °C for 20 min 

and exposed for 10 min to a Xenon lamp to simulate solar conditions. 

3.4 Results 

3.4.1. Characterization of Cotton Fabrics Functionalized with UiO-66 

The presence of the highly crystalline structure of the UiO-66 MOF was 

confirmed using XRD. The diffraction patterns of functionalized cotton samples (blue) 

and the pure UiO-66 (red) powder are shown in Figure 3-2 [15,38]. A clear 
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superposition of the main diffraction peaks can be observed in UiO-66 functionalized 

cotton. 

 
Figure 3-2. X-ray diffraction patterns for carboxymethylated cotton, UiO-66 powder, and 

cotton fabric functionalized with UiO-66. 

XPS was used to determine the presence of zirconium, which is metal 

precursor for UiO-66. In Figure 3-3, the peaks at 330, 350 and 440 eV are assigned to 

zirconium’s 3p, 3p3/2 and 3s orbital electrons. The peak at 290 eV associated to 

carbon was used for calibration. This carbon peak can be assigned to both the ligand 

(terephthalic acid) and the substrate (cellulose). The 1s orbital of oxygen has a binding 

energy of 530 eV, and oxygen is also present in both the ligand and substrate. 



 

 43 

 

Figure 3-3. X-ray photoelectron spectroscopy (XPS) of a cotton fabric functionalized with 
UiO-66. 

As cotton samples are non-conductive, a buildup of positive charges on the 

surface of the sample can be formed immediately after the sample is exposed to X-

rays. This charge buildup drags additional electrons from within the sample, hence 

distorting the spectrum and shifting down the binding energy values. A flood gun was 

used to neutralize this effect, and the spectrum was recalibrated using the C–C carbon 

bond at 285 eV. In addition to confirming the presence of Zr, the XPS spectra also 

indicated the absence of residual chlorine from the ZrCl4 and residual nitrogen that 

could have originated by the washing of the samples in DMF. 

SEM imaging confirmed the uniformity of the UiO-66 functionalization on the 

surface of the cotton fabrics, as shown in Figures 3-4(b) and 3-4(c). An SEM image of 

pristine cotton fibers is shown in Figure 3-4(a) for reference [38]. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3-4. Scanning electron microscopy (SEM) images of (a) bare cotton fibers, and (b–d) 
cotton fibers functionalized with UiO-66 at different magnifications. 

SEM imaging confirmed the presence of crystalline UiO-66. Figure 3-4(d) 

resembles the morphology previously reported for UiO-66 [17] and provides evidence 

of the homogeneity of the coating.  
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EDX mapping shows the atomic distribution over the surface of a sample. A 

higher aperture was used to ensure optimal characterization, but this also resulted in 

cracks in the sample, which are apparent in Figure 3-5(a). Fortunately, once formed, 

these crevasses did not expand. A uniform distribution of zirconium onto the cotton 

fibers can be seen in Figure 3-5(b), where the signal attributed to the zirconium 

channel is highlighted in red. Quantitative analysis of the resulting maps showed an 

average zirconium atomic percent content of 5% ±	0.7% on the surface of the fibers. 

 

(a) 

 

(b) 

Figure 3-5. (a) Scanning electron microscopy (SEM) image of a cotton fiber functionalized 
with UiO-66 with the energy-dispersive X-ray spectroscopy (EDX) mapped region highlighted 

in green; (b) EDX zirconium map of the highlighted area shown in (a). 

TEM imaging allowed to assess the thickness of the UiO-66 coating on the 

cotton fibers. In Figure 3-6, the UiO-66 crystals, appearing darker than the cotton 

substrates because of the presence of Zr (Z = 40), formed a conformal coating over the 

irregular shape of the cotton fiber. These images were used to determine that the 

thickness of the coating was around 50 nm. 



 

 46 

 

(a) 

 

(b) 

Figure 3-6. Transmission electron microscopy (TEM) image of a cotton fiber functionalized 
with UiO-66: (a) Cotton fiber cut along its fiber axis. The scale bar corresponds to 500 nm. 

(b) Magnification of the area delimited by the white square in (a). The scale bar corresponds 
to 100 nm. 

The degradation of acetaminophen was followed using ATR-FTIR. The ATR-

FTIR characterization of the UiO-66-functionalized fabrics is shown in Figure 3-7. 

 

Figure 3.7. Fourier transform infrared spectroscopy (FTIR) spectra of bare cotton fabric, 
UiO-66 powder and UiO-66-functionalized cotton fabric. 



 

 47 

The labeled FTIR bands in Figure 3-7 correspond to (a) stretching of 

hydrogen-bonded O–H, (b) C–H stretching, (c) O–H bending of adsorbed water, (d) 

CH2 scissoring, (e) O–H bending (f) OCH–O–CH2 stretching, (g) asymmetric 

stretching of the carboxylate band (terephthalic ligand), and (h) carboxylate 

symmetrical stretching (terephthalic ligand). The powder spectrum and the 

carboxymethylated cellulose were in quantitative agreement with those previously 

reported [17,36, 39]. 

3.4.2. Adsorption of MCPP 

The maximum uptake of MCPP by dispersed UiO-66 powders was obtained 

after about 6 h according to Seo et al. [34]. In our case, the UiO-66 MOF was 

immobilized onto cotton fabrics. After immersion of the fabrics in the MCPP solution, 

an aliquot of the MCCP solution was taken after 7 h of vigorous stirring, and another 

aliquot was taken 24 h later. In both cases, the resulting UV absorption was the same. 

The adsorption of MCPP onto is showed in Figure 3-8. 

 

Figure 3-8. Adsorption of MCPP by UiO-66-cotton and carboxymethylated cotton (CMC) 
after 7 h. 
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The calculated removal efficiency for the cotton fibers decorated with UiO-66 

was 14.5%. As expected, the removal efficiency for the carboxymethylated cotton 

samples was 0% for uptake times as large as 24 h. 

3.4.3. Photocatalytic Activity of the UiO-66-Functionalized Fabric 

The catalytic activity of the cotton fabrics functionalized with UiO-66 was 

assessed through degradation of acetaminophen. Figure 3-9 shows the absorbed and 

degraded acetaminophen after 10 min of UV exposure. 

 
(a) 

 
(b) 

Figure 3-9. Acetaminophen adsorbed on (a) bare cotton fabric and (b) cotton fabrics 
functionalized with UiO-66. The Fourier transform infrared spectroscopy (FTIR) spectra in 

blue represents time zero and the spectra after 10 min of exposure to UV is shown in red. 

The degree of degradation of acetaminophen was evaluated by monitoring the 

1560 cm−1 peak, which is ascribed to one of the N–H bending modes. The signal was 

normalized to the 1500 cm−1 peak attributed to one of the phenyl C–C stretching 

modes, a peak that should remain constant during photocatalytic degradation [40,41]. 
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3.5 Discussion 

XRD spectra of cotton samples functionalized with UiO-66 confirmed the 

crystalline formation of the MOF on the cotton fabric, as shown in Figure 3-2. Figure 

3-2 also shows that the XRD pattern of the carboxymethylated cotton sample (yellow) 

exhibited only the characteristic peaks for cellulose (15°, 16° and 23°) [38]. The UiO-

66 powder sample (red) matched the peaks reported in the literature [17]. The cotton 

sample functionalized with UiO-66 (blue) exhibited both the peaks assigned to 

cellulose and those assigned to UiO-66 in clear superposition, confirming the presence 

of the crystalline MOF onto the fabric. 

XPS (Figure 3-3) confirmed that the crystalline formation was composed of 

zirconium, carbon and oxygen. Because of the fact that the substrate, cellulose, was 

also composed of carbon and oxygen, a quantitative analysis of the MOF content was 

not possible. The XPS spectra also showed no chlorine, confirming that the zirconium 

was stoichiometrically coordinated to the oxygen. Moreover, because of the absence 

of nitrogen in the spectrum, we also concluded that the solvent, DMF, was completely 

removed from the pores of the UIO-66 framework. 

Images obtained via SEM (Figure 3-4) showed that the coating was uniform 

across the fabric, and this observation was supported by the EDX map reporting the 

distribution of zirconium (Figure 3-5(b)). Figures 3-4(c) and 3-4(d) show that the UiO-

66 MOF completely covered the surface of the fiber, leaving no bare cotton in sight. 

EDX quantitative analysis indicated a zirconium content on the surface of 5% ±	0.7%.  
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TEM images (Figure 3-6) show that the thickness of the coating could be 

estimated to be around 50 nm and that the coating thickness appeared to be uniform 

along the fiber’s axis. 

FTIR (Figure 3-7) spectra demonstrated the presence of carboxylate and 

phenyl bonds ascribed to the terephthalic ligands of UiO-66, and the spectra of the 

powder MOF and cellulose quantitatively agreed with the spectra reported in the 

literature [17,36]. Moreover, the spectrum of the cotton fabrics functionalized with 

UiO-66 showed all absorption peaks ascribed to both cellulose and UiO-66, further 

confirming the presence of this MOF onto the fabric. FTIR characterization was 

necessary for establishing a baseline for the photocatalytic experiment. 

As illustrated by the EDX and XPS results, the amount of MOF immobilized 

onto the cotton fabric was very small. Therefore, a 14.5% uptake of MCPP (Figure 3-

8) is truly remarkable. In their study, Seo et al. reported a maximal adsorption capacity 

of 370 mg of MCPP/g UiO-66 (powder) [34]. In this study, we used 234.1 mg of a 

UiO-66-functionalized cotton containing about 5% zirconium on its surface. The mass 

of MCPP removed from the system was 3 mg, resulting in an adsorption capacity for 

UiO-66-functionalized cotton of 12.8 mg of MCPP/g functionalized fabric. As 

expected, the absorption capacity for the functionalized fabric was smaller than the 

value obtained for the powder sample. Advantages of the fabric sample include its 

easy recovery and reuse after desorption as well as its mechanical stability and 

manufacturability. 

The catalytic activity of the cotton samples functionalized with UiO-66 MOFs 

was assessed in the degradation of acetaminophen. The degree of degradation was 
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evaluated via FTIR by monitoring the 1560 cm−1 peak, which is ascribed to one of the 

N–H bending modes in acetaminophen. The signal was normalized to the 1500 cm−1 

peak, which is ascribed to one of the phenyl C–C stretching modes. This peak should 

remain constant during the photocatalytic degradation [41]. Experiments were 

performed with the scoured cotton samples (control) and the cotton samples 

functionalized with UiO-66. In both experiments, the photocatalytic degradation of 

acetaminophen was noted (Figure 3-9). However, when the cotton sample 

functionalized with UiO-66 was used, the decrease in the N–H band was larger than in 

the experiments performed with the as-received samples. These results indicate that 

the presence of the UiO-66 increased the photocatalytic efficiency of the cotton by 

63% after only 10 min of UV exposure. 

3.6 Conclusions 

Cotton fibers were successfully functionalized with UiO-66, a zirconium-based 

water-stable MOF. The presence of the crystalline UiO-66 was confirmed via XRD, 

and the presence of zirconium in the cotton-modified samples was confirmed by XPS 

and EDX. SEM and TEM imaging confirmed that the UiO-66 crystals uniformly grew 

on the surface of the cotton fibers and that the MOF layer was 50 nm thick. The 

reported functionalization did not alter the structure of the textile, hence allowing for 

the potential use of these materials in protective clothing. The cotton functionalized 

with UiO-66 exhibited an increased uptake of MCPP as well as enhanced UV 

degradation capabilities. These results indicate that UiO-66-functionalized textiles can 

be used as flexible mantles for the photocatalytic decomposition and adsorption of 

low-concentration pollutants in water streams. 
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CHAPTER 4 
FUNCTIONALIZATION OF COTTON FABRICS VIA ISORETICULAR 

EXPANSION OF UIO-66 METAL-ORGANIC FRAMEWORK 

4.1 Introduction 

The field of application for MOF includes but is not limited to gas storage [1–

5], catalysis [6–9], and photocatalysis [10–12] and is delimited by the thermal, 

mechanical and chemical stability of a specific MOF. UiO-66 is a MOF that contains a 

Zr6O4(OH)4 cluster coordinated to carboxyl groups, with a thermal stability to 500°C 

and chemically stability in water media over a wide range of pH values [13,14]. 

In our prior work, we reported on the functionalization of cotton with UiO-66 

[15]. Broadening the functionality of cotton fabrics using MOFs, the current work 

focuses on isoreticular and isostructural to UiO-66 while bypassing the carboxylation 

step. We show the versatility of the synthesis method which allows broader 

functionality to be added to the cotton. The isoreticular concept originates from the 

Greek iso meaning same and from the Latin reticulum meaning net or network [16], 

and allows the expansion of the unit cell, increasing the distances between Zr6O4(OH)4 

clusters, while keeping the connectivity between the metal oxide cornerstones and the 

ligands. Isoreticular chemistry has a strong influence on the pore size of the resulting 

MOF [17–20]. In contrast, isostructural MOFs hold the same structure, but have 

modified functional groups [21]. 

The first reported synthesis of UiO-66 and its isoreticular counterpart UiO-67 

by Lillerud et al. appeared in 2008 [13], followed by reports on the isostructural UiO-

66-NH2 in which terephthalic acid is replaced by 2-amino terephthalic acid, adding 

one -NH2 moiety to the structure [22]. Reports on the synthesis of an intermediate 
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member called UiO-66-NDC soon followed [23]. Ligand replacement can enhance 

hydrogen bonding [24] and catalytic activity [25] of the MOF. Substitution of 

terephthalic acid with 2,6-naphthalenedicarboxylic acid (NDC) or dibenzoic acid 

(BPDC) results in an enhanced π-π stacking and a larger pore size [26]. Figure 4-1 (a) 

shows a schematic of the structure of UiO-66 with the Zirconium oxide polyhedron 

forming the cornerstones. Each metal oxide cornerstone coordinates with twelve 

terephthalic ligands. Terephthalic acid can be substituted different ligands, and the size 

and chemistries of the ligands impacts the kinetics of crystal growth [27]. 

 

Figure 4-1: Isoreticular UiO-MOFs: (a) schematic representation of UiO-66. Zirconium 
oxide cornerstones are shown in blue, and one of the ligands is highlighted in green (b) 

terephthalic acid (c) amino-terephthalic acid (d) 2,6-naphthalenedicarboxylic acid, and (e) 
dibenzoic acid 

In this chapter, we show the effect of different reaction conditions on the 

properties of cotton fabrics functionalized with UiO-MOFs. We were able to growth 

the structures without the aid of a binder to anchor the Zr ions to the textile [28]. The 

reaction conditions were adjusted for UiO-67 and UiO-NDC to improve the fiber 

coverage. These optimized reaction conditions summarized in Figure 4-2 yield fibers 
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that are fully coated by a thin layer of a Zr-based MOF hence opening the potential of 

these fabrics in filtration and catalysis applications. 

 

Figure 4-2: Two successful reaction paths used in the experiments reported in this manuscript 
yielding functionalized cotton fabrics.  

4.2 Materials and Methods 

Sodium hydroxide pellets were purchased from Macron Chemicals, non-ionic 

surfactant Triton X-100 (0.08%) was purchased from Electron Microscopy Sciences, 

isopropyl alcohol (Aldrich), acetic acid (Macron, glacial), Zirconium (IV) chloride 

(ZrCl4, ≥ 99.5%, Aldrich), terephthalic acid (H2BDC, 98%, Alfa Aesar), 2-

aminoterephthalic acid (BDC-NH2, 99%, Aldrich), naphthalene-2,6-dicarboxylic acid 

(H2NDC, 98%, Alfa Aesar), 4,4’-dibenzoic acid (99%, Chem-Impex Int’l Inc.), N,N-

Dimethylformamide (DMF, Macron Fine Chemicals), Hydrochlorid acid (HCl, 36.5–

38%; J.T. Baker). All glassware was kept overnight in a 1.5 M HNO3 solution, washed 

with distilled water and dried before use. 

Standardized cotton fabrics TIC-400 were obtained from Testfabrics, Inc. 

(West Pittston, PA, USA) and were cut into 2 × 2 cm2 squares using a laser cutter. 
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4.2.1 Preparation of isoreticular and isostructural UiO-functionalized cotton 

1. Scouring 
The cotton swatches were immersed in a scouring solution at 100 °C following a 

procedure reported previously [15]. 

2. cotton+UiO-66 and cotton+UiO-66-NH2 
ZrCl4 (0.55 mmol) was dissolved in a mixture of DMF:HCl (5:1). Using an 

ultrasonic bath, H2BDC (0.75 mmol) or BDC-NH2 (0.75 mmol), were dissolved in 10 

mL DMF. A scoured cotton swatch was added to the combined solutions. The sealed 

containers were kept at 85°C overnight and the functionalized fabric was washed 

vigorously three times in DMF and H2O before being dried and conditioned at room 

temperature. 

3. cotton+UiO-66-NDC and cotton+UiO-67 
ZrCl4 (0.55 mmol) was dissolved in a mixture of DMF:HCl (5:1). 

Naphthalene-2,6-dicarboxylic acid and 4,4-dibenzoic acid (0.75 mmol) were dissolved 

in 10 mL of DMF. A scoured cotton swatch was added to the combined solutions. The 

sealed containers were kept at 120°C for 24 hours and the functionalized fabric was 

washed vigorously three times in DMF and H2O before being dried and conditioned at 

room temperature for characterization. 

4.2.2 Characterization of the Samples 

X-ray diffraction (XRD) experiments were performed on a Bruker D8 powder 

diffractometer with a step size of 0.04°. Scanning electron microscopy (SEM) was 

performed on a LEO 1550 FESEM (Keck SEM). The specimens were coated with a 

thin layer of carbon prior to imaging. Thermograms were obtained using a TGA 550 

thermal analyzer (TA Instruments, heating rate of 10 °C/min) under N2 atmosphere. 
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4.3 Results and discussion 

We observed that larger ligands (naphthalene-2,6-dicarboxylic acid and 4,4-

dibenzoic acid) required of higher temperatures and longer times to functionalize the 

fabrics. At 85°C and 12hrs, UiO-66-NDC and UiO-67 did not precipitated and the 

fibers showed no crystals on their surface. When reaction conditions were modified 

according to Butova et. al [29], temperature increase from 85°C to 120°C and growth 

time increased from 12hrs to 24hrs, functionalized fabrics were obtained. Ragon et al. 

showed that not only does the availability of the inorganic cluster highly influence the 

crystallization rate [30], the kinetics of MOF growth is slower when the size of the 

ligand is larger [27].   

Cotton’s functionalization with of isoreticular UiO-MOFs was confirmed using 

X-ray diffraction. The patterns for all fabric specimens are reported in Figure 4-3. The 

bottom trace in Figure 4-3, corresponding to the scoured cotton specimen, exhibits 

broad diffraction peaks at 15 and 17° and 23° commonly assigned to cellulose I 

[31,32]. A clear superposition of the cellulose I diffraction peaks can be observed in 

all five specimens, indicating that the crystallinity of the cotton fibers was not 

modified during growth of the UiO-66 MOFs. Well defined diffraction peaks ascribed 

to the Zirconium MOFs are observed at lower angles (between 5° and 14°) in the 

functionalized fabrics. The pattern of UiO-66 [13], UiO-66-NDC [33] and UiO-67 

[22] overlap well with the literature. UiO-66-NH2 is isostructural with UiO-66 [22] 

therefore the diffraction peaks for cotton+UiO-66 and cotton+UiO-66-NH2 overlap. 

UiO-66-NDC and UiO-67 present larger cell parameters which is observed by the 

shifting of the diffraction peaks to lower angles. 
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Figure 4-3. X-ray diffraction patterns of cotton+UiO-67 (top, blue), cotton+UiO-66-NDC 
(red, second from top), cotton+UiO-66-NH2 (yellow, middle) cotton+UiO-66 (violet, second 

from bottom) and cotton (green, bottom). 

 
The SEM images in Figure 4-4 illustrates that all specimens exhibit a good 

coverage of the fibers’ surface. Images A, C, E and G depict a typical fiber. The large 

coverage hints at electrostatic forces between the MOFs and cotton. Figure 4-4(A), 

shows how crystals of UiO-67 form clusters of various sizes. Images of cotton+UiO-

67 and cotton+UiO-66-NDC specimen shows a uniform layer that covers the cotton 

and on top of that layer some crystalline structures (Figures 4-4(A) to 4-4(D)). These 

node-like structures can also be seen on the images of cotton+UiO-66-NH2 and 

cotton+UiO-66 (Figures 4-4(E) to 4-4(H)). 
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Figure 4-4. Scanning electron microscopy images of (A) cotton+UiO-67 fabric, (B) magnified 
image of cotton+UiO-67, showing the MOF immobilized onto the fiber (C) cotton+UiO-66-

NDC, (D) magnified segment of cotton+UiO-66-NDC, (E) cotton+UiO-66-NH2, (F) 
magnified image of cotton+UiO-66-NH2, (G) cotton+UiO-66 fiber, and (H) magnified 

segment of cotton+UiO-66 fiber 
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Images taken at higher magnifications confirm a complete coverage of the 

cellulosic surface (Figures 4-4(B), 4-4(D), 4-4(F) and 4-4(H)). The particle size 

observed in the cotton+UiO-66-NDC, cotton+UiO-66-NH2 and cotton+UiO-66 

specimen shows a lower dispersion in particle size respect to cotton+UiO-67 

specimen. This observation can be related to the slower nucleation and growth 

kinetics: while MOF with smaller ligands grow fast, the generation of nucleolus is 

instantaneous and these nucleolus grow all at the same time, while larger ligands have 

a continuous process of nucleus formation, generating a more polydisperse system 

[35]. 

 

Figure 4-5: Thermogravimetric analysis of the MOF functionalized fabrics and of the scoured 
cotton specimens. Left: full temperature range from 30 to 900°C. Right: magnification 

between 800 and 900 °C. 

Figure 4-5 shows the thermograms of the MOF-functionalized fabrics and of a 

scoured cotton specimen. TGA experiments were performed to quantify the amount of 
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MOF onto each fabric. In the thermogram, a small weight loss between 30 and 100 °C, 

due to loss of water (3-4%), is noted for all specimens. Oxidative degradation of 

cellulose chains, resulting in combustion gases, is generally observed between 300 and 

650 °C. Char pyrolysis occurs at temperatures higher than 400 °C [36,37]. At 

temperatures ranging between 300 and 350 °C, dehydration of Zr6O4(OH)4 to Zr6O6 

occurs [22]. TGA of the unmodified cotton specimen show a complete transformation 

into H2O and CO2 leaving less than 0.2% solid residues and was used as reference to 

show that only Zirconium oxide residues from the MOF and ashes from the cotton are 

left after completion of the experiment. Weight measurements between 700 and 900 

°C indicate the degradation of cellulose and UiO66-based MOFs at these 

temperatures. Values of the residual mass of ZrO2 left after the TGA experiments are 

shown in Table 4-1. 

SAMPLE NAME MOF FORMULA RESIDUE % M/M MOF % M/M 
COTTON - 0.2 - 
COTTON+UIO-66 Zr24C192H112O128 0.91 1.6 
COTTON+UIO-66-NH2 Zr24C192H136O128N24 1.19 2.3 
COTTON+UIO-66-NDC Zr24C288H160O128 0.73 1.4 
COTTON+UIO-67 Zr24C336H208O128 0.45 0.72 

Table 4-1: Content (in % m/m) of metal-organic frameworks cotton+UiO-66, cotton+UiO-66-
NH2, cotton+UiO-66-NDC and cotton+UiO-67. 

Table 4-1 presents the MOFs formula, the residues % m/m and the MOF % 

m/m. The residue is the sum of the ash from the cotton and the ZrO2 from the MOF. 

Subtracting the ashes residues obtained in the untreated cotton to the rest of the 

residues, the ZrO2 % in the sample is obtained. This ZrO2 residue can be transformed 

into MOF %m/m using the MOF formula and assuming a complete transformation 

into CO2, H2O and ZrO2. Also, ZrO2 is proportional to the molar percent of MOF. 
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Cotton+UiO-66-NH2 has the highest MOF-content while the sample functionalized 

with UiO-67 exhibited the lowest weight residue, albeit being the heaviest of all 

MOFs investigated, indicating a smaller coating on the cotton fabrics. 

4.4 Conclusion 

Cotton fibers were successfully functionalized with isoreticular Zr-MOF series, 

namely UiO-66, UiO-66-NH2, UiO-66-NDC and UiO-67 using a simple solvothermal 

method. Ligand solubility in the DMF media as well as particle formation kinetics (as 

studied by Ragon et al. [27]) on the surface of the cotton most likely impact the 

particle growth which required longer reaction time and higher reaction temperature to 

achieve comparable fiber coverage. The functionalization was confirmed using XRD 

and SEM. The harsh wash conditions lead us to believe strong interactions between 

the MOF particles and the cotton fibers are taking place. Complete and rather 

homogeneous fiber coverage was observed via SEM, which supports strong MOF-

cotton interactions. The results offers solid proof of concept that solvothermal 

synthesis allows effective fabric functionalization that can be extended to an entire 

MOF family. In addition to the cotton-attached MOF, significant non-cellulose 

attached particles were also left in solution, therefore leading to the questioning of 

whether the crystal growth on the cotton was stopped due to depletion of the reagents 

or due to thermodynamic or steric reasons. The addition of reagents to the reaction 

flask after first growth batch and subsequent MOF layer analysis via TEM similar to 

the work reported in our previous article [15] would provide an experimental answer 

to this question. 
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Thermogravimetric analysis was used to determine the amount of MOF 

loading on each fabric and showed that the MOF content was low, ranging from 0.8 to 

2.6 %m/m, supporting earlier TEM data showing the extremely small MOF layer 

obtained via solvothermal synthesis [15]. The larger the MOF, the lower the MOF 

loading, which is in agreement with the need for longer growth time at higher 

temperature to accelerate the kinetics and facilitate solubilization of the reagents. 

Further efforts are needed in order to understand whether the thickness of the MOF 

coating is dependent on the availability of starting materials, on the thermodynamics 

of crystal growth or of steric restrictions, and whether the MOF loading on the fabric 

can be increased. Nonetheless, the near homogeneous fiber coverage provides 

excellent MOF site availability for absorption or catalysis purposes.  

In conclusion, the solvothermal method presented here yields high coverage of 

the cotton fibers and provides an easy, 1-step reaction path using minimal reagents to 

yield various functionalized cotton fabrics. This solvothermal method was adapted to 

various MOF sizes by increased reaction time and temperature. Ligand solubility in 

DMF is an issue and may prevent the synthesis of other larger MOFs but can be 

resolved by changing the solvent or the addition of a co-solvent. The method 

presented in this manuscript opens the possibility of a vast range of applications since 

this tuned solvothermal method can be used to prepare multiple different 

functionalized fabrics, each geared towards specific applications. 
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CHAPTER 5 
CONCLUSIONS & FUTURE WORK  

5.1 Summary of the thesis and path forward 

This thesis provides a characterization of metal-organic framework (MOF) 

functionalized cotton fabrics as well as an introduction of their capabilities to take up 

inorganic and organic micropollutants harmful to human health which are found in 

bodies of water. Insights into the different synthesis mechanisms are provided. For 

example, in ZIF-8, growth from Zinc oxide requires partial dissolution of the Zinc into 

solution followed by rapid recrystallization as ZIF-8. In the case of UiO-66, it was 

shown that while adding carboxymethyl groups onto cotton yields the same fiber 

coverage, this modification is not required. Additionally, MOFs in the same 

Zirconium family (isostructural and isoreticular to UiO-66) can be functionalized onto 

cotton fabrics by following similar synthesis pathways. Functionalizing the fabrics 

rather than fibers prevents possible loss of the MOFs during the weaving process and 

offers faster time to market capability for fabrics functionalized with MOFs while still 

providing complete coverage of the cotton fibers. 

Filtration and photocatalytic activity of the materials synthesized were 

examples discussed in the two published papers in this thesis (Chapters 2 and 3). 

Despite the overall small amount of MOF in the functionalized fabrics, remarkable 

uptake of environmentally prevalent pollutants by the MOFs was made possible. For 

instance, in Chapter 2, ZIF-8-functionalized cotton not only exhibited higher aqueous 

arsenate uptake (52.5 ppm of As(V) per gram of functionalized fabric) but also 

reduced the Zinc loss from the fabric into the solution. In Chapter 3, photocatalytic 

activity of UiO-66-cotton was demonstrated by showing decomposition of 
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acetaminophen using a Xenon lamp to simulate solar condition. Further photocatalytic 

activity involving UiO-66-cotton is presented in Appendix 1 where a droplet of 10 

ppm methylene blue was deposited onto a UiO-66 functionalized fabric and on a 

carboxylated cotton fabric used as reference. After 30 min exposure to UV light, a 

significant reduction of the optical density on the MOF-functionalized fabric gave a 

visual proof of the photocatalytic activity. The photocatalytic properties of UiO-66 

functionalized fabrics coupled to other absorption properties presented in Chapter3 

need to be further understood so that, eventually, real world applications such as the 

fabrication of reusable functionalized masks can be developed.  

In Chapter 4, the versatility of solvothermal synthesis was presented by 

growing isostructural and isoreticular Zr-MOFs onto cotton fabrics. This further 

pushes the application boundaries by allowing easy tuning of cotton fabric properties 

based on whichever MOF it is functionalized with. The ease of the one-step synthesis 

as well as its versatility make it an excellent candidate for large scale production. In 

addition, a high coverage of each fiber by all MOFs was obtained (discussed in the 

next paragraph). The methods presented in Chapter 4 also show that 12 hours at 85 °C 

is sufficient to obtain UiO-66-NH2+cotton when using zirconium chloride as Zr 

source, as opposed to other published work where either the time was doubled, or the 

use of a binder was required [1–3]. These advantages make the solvothermal synthesis 

route presented in Chapter 4 an attractive solution to the functionalization of cotton 

fabrics. 

The combination of X-ray diffraction and scanning electron microscopy (SEM) 

proved to be useful characterization methods for MOF-functionalized fabrics. SEM 
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provided a visual assessment of the density of MOFs on the surface of the cotton as 

well as the extent to which the fibers are covered. All functionalized fabrics presented 

in this thesis showed extensive fiber coverage, which is an advantage compared to 

other techniques reported in the literature, especially for ZIF-8 functionalized textile 

[4]. Since the functionality of the textile is added by the MOF, a higher fiber coverage 

is desired. The combination of XRD and SEM analyses of ZIF-8 specimens helped 

assess that ZIF-8 was grown directly onto Zinc oxide crystals as well as onto the 

cotton fiber. As ZIF-8 crystal growth is much faster than nucleation [5], choosing to 

first grow ZnO onto cotton before transforming it into ZIF-8 results in a higher fiber 

coverage than the growth of ZIF-8 directly onto cellulose, even though this adds an 

additional step in the functionalization process [4]. Additionally, XRD showed that not 

all ZnO was converted to ZIF-8. This observation opens the possibility of modulating 

ZIF-8 particle abundance by adjusting the concentration of 2-methylimidazolate. In 

the case of Zr-based MOFs, SEM images showed that all functionalized specimens 

also exhibited a high fiber coverage. The fiber coverage not only matched that of other 

researchers who used atomic-layer deposition (ALD) [6] but was also higher than the 

fiber coverage obtained through the use of a cyanuric chloride binder [3]. 

Additional work would be needed to further understand and optimize the 

relationship between the ratio of starting materials, reaction time and MOF coating 

thickness. The study of the modification of the synthesis’ conditions will lead to a 

better understanding of the growth mechanism of the MOF onto the fabric. It will also 

help understand if more framework material can be added which may help enhance 

sorption and photocatalytic performance of the fabrics. To help assess and monitor the 



 

 72 

synthesis condition and how they affect the functionalization, transmitted electron 

microscopy (TEM) or atomic force microscopy (AFM) are helpful tools that allow to 

assess the approximate width of the MOF layer for UiO-66. In Chapter 3, TEM 

imaging showed that the MOF layer for the given synthesis conditions was 50 nm and 

looked homogeneous across the fiber length. Whether the growth of the MOF was 

stopped due to lack of building blocks or due to other reasons such as sterical 

hindrance or thermodynamics, for example, should be investigated. A better 

understanding of the reason why the MOF stops its growth is needed in order to 

further optimize the reaction conditions. This conclusion applies to both ZIF-8 and 

UiO-MOFs. As mentioned above, AFM may also be used to characterize MOF-

functionalized fibers and the thickness of the MOF layer. The methodology presented 

in Appendix 2 can be applied to MOF-functionalized fibers and would offer an easy 

characterization of the cross-section of the fabrics and fibers, helping with the 

understanding of the growth conditions and mechanical/chemical resilience to stress. 

Furthermore, insights in adsorption of micropollutants and how far they can diffuse 

into the MOF layer can be gained by using an AFM-IR instrument. 

Further research should also include chemical and mechanical resilience of 

MOFs-functionalized fabrics. It was shown in Chapter 2 that ZIF-8 was lost after 24 

hours of vigorous stirring in a pH 7 solution due the fact that a pH of 7 is at the edge 

of the range in which ZIF-8 is soluble. A pH curve would be necessary to determine 

whether the pH or the stirring was the cause of the loss of the MOF into solution. In 

the case of Zirconium MOFs, no loss was observed but further investigations on UiO-

functionalized cotton should be done by letting the coated fabric sit in a solvent bath 
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(aqueous over a range of pH, or organic) for an extended period of time and then 

measure the Zirconium and/or ligand content in the water using HPLC for the ligand 

detection, mass spectrometry or light diffraction for MOF particles suspended in the 

media, or flame atomic absorption for Zirconium detection. There could be loss of 

some MOF particles due to the chemical and/or mechanical stress of the liquid along 

the fibers. Resilience to mechanical stress such as the one experienced during machine 

wash should also be examined if the fabric is destined to serve as a filter in a reusable 

mask. 

Recently, there has been a push towards a greener, more environmentally 

friendly chemistry. In this thesis, we used primarily solvothermal methods involving 

the use of organic solvents. These solvents can be costly and damaging to the 

environment. ZIF-8 is grown using a mixture of DMF and water. UiO-66 and its 

isoreticular family are obtained using DMF. In order to make the synthesis more 

environmentally friendly, new studies exist that use water [7] or grow Zirconium 

MOFs following a solvent-free route [8]. Further investigations are required in order 

to determine if a similar methodology can be applied to grow MOFs onto fabrics 

without the use of solvents. A close monitoring of the fiber coverage as well as 

sorption and photocatalytic would be necessary, since the enhanced functionality of 

the fabric depends on the amount of MOF. 

In this dissertation, only woven cotton fabrics were used. Appendix 3 presents 

a proof of concept of cellulose nanofiber functionalized with UiO-66 following the 

same solvothermal method as presented in this thesis (Chapter 4). While electrospun 

fiber mats are not suitable for filtration of large volumes of water, they can be useful 
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in applications requiring only a small volume of analyte such as sensors, or in more 

forgiving environment such as air filtration [4]. Nanofiber mats offer the advantage of 

high surface area and could therefore hypothetically adsorb more adsorbate per gram 

of adsorbent, but lack the strength found in knits or woven fabrics. Nanofiber mats 

would require a support to prevent damage to the fibers. In Appendix 3, cellulose 

nanofibers obtained from deacetylated electrospun cellulose acetate showed the same 

full fiber coverage as obtained for cotton fibers, but SEM images also show large 

clusters of MOF aggregates throughout the nanofiber mat. Whether those MOF 

aggregates are attached to the cellulose nanofibers or were caught into the mat is 

unclear at the moment. A thorough, careful wash of the mat may bring answers to this 

question. Surface chemistry of electrospun nanofibers can be more easily studied since 

they are entirely man-made and allow for methods like XPS to be used more easily 

than on natural cotton fibers woven into a fabric. Fundamental understanding of the 

functionalization mechanism can be obtained by tuning the surface chemistry of the 

nanofibers. 

5.2 Conclusion 

In conclusion, this thesis offers insights into the functionalization of cotton 

fibers using metal-organic frameworks. Thorough characterization of the fabrics 

allowed conclusions to be drawn about the mechanisms of MOF growth onto the 

fibers. Proof of concept for the application of these MOF-functionalized fabrics were 

presented which only shows a minuscule fraction of all the possibilities MOF-

functionalized cotton fabrics have to offer. This exciting work and the growing 

number of published papers related to this topic shows the great interest in 
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functionalized fabrics and their considerable potential to help filter and destroy 

harmful chemicals. 
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APPENDIX 1 
PHOTOCATALYTIC DEGRADATION OF METHYLENE BLUE 

 
A1.1 Overview of the wok & results 

Carboxymethylated cotton (Figure A1, right) and UiO-66 functionalized cotton 

(Figure A1, left) were prepared following the procedures reported in Chapter 3 [1]. 

A 100 uL drop of a methylene blue solution (10 ppm in water) was deposited on each 

fabric. After 30 min exposure to UV light (350 W Xenon lamp with a 420 nm UV-

cutoff filter), the picture showed in Figure A1 was taken, featuring both fabrics side by 

side. The photocatalytic activity can be seen as the blue color on the functionalized 

fabric is significantly reduced compared to the blue color left on the 

carboxymethylated cotton, and corresponds to photocatalytic reports found in the 

literature [2]. Catalytic activity may be enhanced by using UiO-66-NH2 and/or other 

additives [3]. 

Figure A1: UiO-66 functionalized cotton and carboxymethylated cotton fabrics after 30 min 
UV light exposure; methylene blue remnants can be seen very clearly on the 
carboxymethylated cotton, but is very faint on UiO-66 functionalized cotton  

 

UiO-66 
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cotton 

Carboxymethylated 
cotton 
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APPENDIX 2 
CHARACTERIZATION OF ISLAND-IN-THE-SEA BICOMPONENT 

NYLON/POLYETHYLENE TEREPHTHALATE (PET) FIBERS USING AFM -IR 

A2-1 Introduction 

Fiber reinforced polymer (FRP) composites are defined as a combination of polymer 

resins (matrix or binders) and strong and stiff fibers (reinforcements). The main 

functions of fibers are to bear the load and provide high strength, high modulus, high 

stiffness, and thermal stabilities to composites, while the polymer matrix has functions 

of binding the fibers and holding their position, transferring the load from the matrix 

to the fibers by adhesion, and protecting the fibers from damages. By proper selection 

of the types of the polymer resins and the reinforcement fibers and using different 

processing technology, the physical and chemical properties of the FRP composites 

can be enhanced. FRPs usually use fibers with diameter in micrometer range as 

reinforcement [1–4]. Composites reinforced with microfibers possess mechanical 

properties such as high specific modulus and strength. Going a step further, when 

compared with traditional microfibers, nanofibers can possess even better mechanical 

properties including high modulus, high tensile strength and toughness due to size 

effect (higher crystallinity and higher molecular orientation) [5–11]. 

Novel spinning techniques allow the manufacture of multi-component fibers 

that exhibit various morphologies. Precise nanoscale characterization of the location of 

one polymer dispersed within a fibrous matrix is essential for fundamental 

understanding of spinning techniques as well as relating mechanical properties to the 

fiber’s morphology. The understanding of complex phenomena such as elastic 

modulus, chemical cohesiveness and dispersion at the nanoscale and how they relate 
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to macroscale properties is also of fundamental relevance to fiber, textiles and polymer 

science [12,13]. Here I present a method that allows chemical and mechanical 

characterization of bicomponent, islands-in-sea microfibers [14] by combining the 

nanoscale resolution of atomic force microscopy (AFM) to InfraRed (IR) 

spectroscopy. In this work bicomponent, the cross-sections of island-in-sea fibers 

made of nanoscale domains of nylon (islands) dispersed in a polyester matrix (sea) are 

characterized using AFM-IR. Only the chemical characterization is presented; the 

mechanical characterization can build upon this work and together they can form a 

cohesive nanoscale understanding of the morphology and how it relates to physical 

properties such as elastic modulus on nano- and macroscales. 

A lack of techniques helping in characterization of the morphology combined 

with the chemical distribution of components over a cross-section of fibers motivated 

this work. Due to their size and repartition within the fiber, multicomponent micro-

sized fibers cannot be characterized using regular InfraRed (IR) spectroscopy, since 

the resolution of FTIR instruments is limited by the maximum path difference between 

the two beam and the precision of the optics and mirror movement mechanism. AFM 

can help characterization of the components by their elastic moduli however this 

method requires close monitoring of the geometry of the cantilever tip and 

calculations based on several approximations. On the other hand, IR spectroscopy is a 

widely used chemical characterization technique, and the IR spectra are easily 

available, hence the use of IR provides a rapid and safe way to characterize 

components over a fiber’s cross-section. Coupling classical atomic force microscope 

with tunable pulsed laser as an IR source (AFM-IR) allows to overcome the low 
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resolution of classical FTIR instruments while allowing chemical identification by IR 

absorption. Hence, it is the ideal tool for the topographical, chemical and 

morphological characterization of cross-sections of micro and nanofibers and can 

couple it to mechanical properties such as elastic modulus. 

AFM-IR uses a pulsed IR beam that can be tuned for different wavelength that 

hits the sample underneath the cantilever tip. The area of interest is first imaged using 

semi-contact mode to obtained a topographical image. Then, the cantilever tip is 

moved to a selected position of interest onto the previously recorded map. The heat 

produced by the IR absorption causes rapid thermal expansion pulse which in turn 

excites the cantilever at its resonant frequency, while the amplitude of the cantilever 

oscillation is proportional to the coefficient of absorption of the sample. The resulting 

AFM-IR absorption spectra are created by measuring the cantilever oscillation 

amplitude as a function of the wavelength of the incident radiation, and can be 

correlated to spectra from the bulk material [15,16]. 

A2-2 Experimental 

Bicomponent, melt-blown islands-in-sea fibers between 5 and 7 μm diameter were 

provided by 3F, LLC. Two types (NP3 and NP5) of fiber were investigated. The main 

difference between them is the average island diameter and the diameter of the central 

island, which is significantly larger in NP3 than the dispersed islands around the 

center in NP5. Both samples were made of 72 filament tow with 2010 islands per 

filament. The full fiber specifications are given in Table A2-1. 
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Sample ID NP3-1570 NP5-1576 
Island polymer B27 Nylon 6 B27 Nylon 6 

% islands 15 15 
Sea polymer F61HC PET F53HC PET 

Average island diam. 
[nm] 80 84 

dpf 0.98 1.05 
Tow denier 70 76 

Table A2-1: Fibers specification; Nylon 6 RV 2.7 by BASF, F61HC Polyester 6.1 IV by 
Eastman, and F53HC Polyester, 5.3 IV by Eastman 

 

A fiber bundle was embedded in an epoxy resin and slices of thickness of 

about 300 nm and 500 nm were prepared using an ultrasonic diamond knife 

(DiAtome) on a microtome (Leica Reichert Ultracut S). The thickness of the sample 

was evaluated by light diffraction. The slices were deposited on a thin, round 

microscope glass slide using a perfect loop. The glass slide was then heated at 90 °C 

until all the water has evaporated. Slices were controlled under microscope to 

determine if all the water was evaporated. The optical glass slide was then attached to 

a magnetic AFM specimen disc (12 mm, Ted Pella, Inc) using carbon tape. The 

commercial AFM model nanoIR2 (Anasys Instruments) allowed to cover the range of 

2000 cm-1 to 900 cm-1 in which three main absorption wavelengths for polyester (1724 

cm-1 (C = O stretching of the carboxylic acid group [17]), 1260 cm-1 and 1100 cm-1 

(Terephthalate group OOCC6H4 - COO [17]) and two for nylon 6 (1640 cm-1 and 1540 

cm-1 ascribed to the amide group I and II, respectively [18]) could be measured. 
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A2-3 Results 

IR spectra between 900 cm-1 and 1800 cm-1 of a representative NP3 fiber are 

reported in Figure A2-1(C) together with the topographical AFM image indicating the 

location at which the spectra were taken (Figure A2-1(A) and A2-1(B)). 

 

Figure A2-1. (A) Full fiber topography (NP3), the blue square is the tip position for the IR 
spectrum; (B) Topography of the central area of A), the red square is the tip position for the 

IR spectrum; (C) IR spectrum at positions highlighted in A) and B) 

The ester stretch of PET at 1724 cm-1 is the peak with most intensity recorded 

in the sea region. In the fingerprint region, two main peaks (1260 cm-1 and 1100 cm-1) 

were measured. These absorption wavenumbers were consistent throughout the 

samples and correspond to the literature [17,18]. As can be seen on the topographical 
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images of the fiber cross-section (Figure A2-1(A) and A2-1(B)), the islands appear in 

a darker color, indicating that the islands are surrounded by higher walls of PET. This 

could explain the absence of absorption peak attributed to nylon within the PET sea, 

where the island diameter is of the order of 100 nm. Measurements in the center of the 

largest island showed absorption peaks at 1650 cm-1 and 1540 cm-1 which correspond 

to nylon 6. In addition to the nylon typical spectrum, absorption peaks (ester and 

fingerprints) corresponding to PET were recorded as well, which can be attributed to 

two reasons: firstly, the instrument’s resolution, because the exact thickness of the 

sample at the specific location at which the spectrum was taken is about 300 nm, the 

lateral resolution is approximately 100 nm. Secondly, because a height profile across 

the fiber showed that the central island was surrounded by 70 nm high walls of PET, 

which could absorb some of the IR beam and appear in the collected spectrum. 

Moreover, some regions within the central island showed that there were specific 

locations that are higher than the surface of the nylon island, which could be attributed 

to PET regions. Again, due to the 100 nm resolution, these regions are recorded on the 

IR spectrum. 

The measured absorptions are in accordance with the literature [18] as can be 

seen in Table A2-2. Below 1500 cm 1 (fingerprint region), the interpretation of peaks 

is complicated by the large number of different vibrations. These include single bond 

stretches and a wide variety of bending vibrations. However, the AFM-IR spectrum 

correlates with PET IR spectra found in the literature. 
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Polymer Literature [cm-1] Island-in-Sea Fiber [cm-1] 

Polyester 
1100 1100 
1200 1260 
1750 1724 

Nylon 6 1450 1540 
1650 1640 

Table A2-2: IR absorption peaks; comparison with the literature 

When the size of the island is reduced such as it is the case in NP5, the nylon-to-PET 

signal intensities ratio becomes of the order of 1:4 as shown in Figure A2-2 and Table 

A2-3 whereas the same intensity ratio for NP3 is 1:0.75. Although the IR spectrum 

shows the presence of nylon, the intensity of the latter is very small compared to the 

signal intensity of PET. However, this technique still allows the detection of nylon for 

a larger island. When taken in the sea where nylon island diameter is below 100 nm, 

no nylon absorption was measured for both NP3 and NP5. Thus, a minimum diameter 

of the island is required for detection. 
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Figure A2-2: (A) Topography of NP5, the square represents the location of the tip for the 
absorption spectrum. (B) Absorption spectrum taken at the position indicated by the square. 

 

Sample Polyester (1724 cm-1) Nylon (1640 cm-1) 

NP3 45 V 60 V 

NP5 190 V 50 V 
Table A2-3: Intensities of the absorption peaks 

Figures A2-3 to A2-6 show that the exact location at which the absorption is 

measured does not influence the resulting IR absorption spectrum as long as the region 

are analogous (e.g. in Figure A2-3, sea region 1a versus sea region 1b, and island 

region 2a versus island region 2b, respectively). This highlights that the AFM-IR 

instrument has a resolution that does not allow any differentiation between regions 
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which contains varying features smaller than 100 nm, but still allows to clearly see the 

difference on the topographical image. 

 

Figure A2-3: Homogeneity in the results: A) Topography of the center of NP5 with the 
positions at which the spectra were taken; B) Five spectra taken in the sea at position 1a; C) 

Five spectra taken close to the central islands at position 2a; D) All spectra from A) 
superposed 

Next, full fiber images of the topography and IR absorption of PET and nylon, 

respectively, were taken. Only the wavelength at which the absorption signal was the 

strongest (i.e. 1724 cm-1 for PET, 1640 cm-1 for nylon) was considered in order to 

collect images resulting from strong signals. Results for NP3, 300 nm thick slice, are 

reported in Figure A2-4 together with the corresponding topography of the fiber. In 

these full IR fiber maps, the absorption signal indicates the presence of the material 

that absorbs at the IR wavenumber at which the sample is irradiated. This means that 

only locations that absorbs at that specific wavelength will give a signal that will be 

recorded by the AFP tip, thus marking these regions in red (Figure A2-4) while 
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leaving regions that do not exhibit that specific chemical bond in green (no signal). 

The intensity of the signal depends on the quantity of material. 

 

Figure A2-4: Topography image (a) and PET (b) and nylon (c) absorption maps of NP3, 300 
nm thick sample. 

It can be clearly seen that the PET absorption map (Figure A2-4(b)) has better 

resolution than the nylon IR map (Figure A2-7(c)), which can be attributed to both the 

fact that the signal of the PET is stronger and that the PET surface is located on a 

plane higher than the nylon. As expected, the chemical map of nylon complements the 

chemical map of PET, indicating that the fibers were, indeed, bicomponent fibers and 

do not contain a third component. 

A2-4 Conclusions 

This work showed that AFM-IR can be successfully used for characterization of 

cross-sections of bicomponent, islands-in-sea microfibers. Although islands of 

diameter smaller than 100 nm dispersed within the PET sea were not detected when 

the cantilever was manually placed in the bulk of the fiber, which could be due to 

alignment issues rather than detection limit, mapping the IR absorption of PET over 

the whole fiber gave promising results and allowed to show the distribution of PET 

and nylon regions. The IR absorption spectrum of nylon could be clearly obtained at 

the center of islands with diameter larger than 200 nm. PET absorption peaks are still 

present in those locations due to both instrument resolution and the fact that the nylon 
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regions were located on a plane placed lower compared to the PET plane. This work 

shows that AFM-IR has a tremendous advantage over current characterization 

techniques because of the nanoscale resolution coupled to chemical analysis. 
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APPENDIX 3 
UiO-66 FUNCTIONALIZATION OF ELECTROSPUN CELLULOSE NANOFIBER 

VIA SOLVOTHERMAL ROUTE 

 
A3-1. Materials and Method 

Following the method reported by Han et al. [1], 17 %w/w cellulose acetate 

was first dissolved in an acetic acid/water (75:25) mixture. Nanofibers were 

electrospun using an in-house electrospinning setup using a voltage of 15 kV, a tip-to-

collector distance of 10 cm, and a solution flow rate of 3 mL/h at 25 °C. The cellulose 

acetate nanofiber mat was then deacetylated in a 0.5 N KOH aqueous solution and in a 

0.5 N KOH ethanol solution at 25 °C for 3 h. A small representative sample was cut 

from the fiber mat and set aside as reference. The rest of the fiber mat was 

functionalized with UiO-66 using the same solvothermal method as reported in 

Chapter 4 of this thesis. 

A3-2 Results 

Figure A3 shows SEM images of the electrospun cellulose acetate fibers (A3-

A and C) and UiO-66 functionalized cellulose fibers (A3-B and D). Comparing the 

cellulose nanofiber prior and after MOF functionalization, it can be clearly seen that 

the once smooth cellulose nanofibers (Figure A3-C) are covered with clusters of 

MOFs (Figure A3-B). Larger aggregates seem to form in the fiber mat, although it is 

unclear if those aggregates are MOFs that were growing in solution and later go 

caught in the fiber mat or if those aggregates are grown directly on the cellulose. A 

closer look (Figure A3-D) shows that the MOF completely covers the fibers, although 
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the particle size showed in Figure A3-D looks a lot smaller than the particle aggregate 

that can be seen in Figure A3-B. 

 

 
Figure A3: A) Electrospun deacetylated cellulose nanofiber; B) UiO-66 functionalized 
cellulose fibers from A; C) and D) magnification of the area highlighted in A) and B), 

respectively. 

 
No further characterization or experiments were performed at this point. 

Nevertheless, the SEM images show an early on proof of concept that cellulose 

nanofibers can be functionalized with UiO-66 following the same solvothermal 

method as used for functionalized cotton woven fabrics. 

A3-3 Reference 

1.  Han, S.O.; Youk, J.H.; Park, W.H. Electrospinning of cellulose acetate 
nanofibers using a mixed solvent of acetic acid/water: Effects of solvent composition 
on the fiber diameter. Materials Letters 2008, 62, 759, 
doi:10.1016/j.matlet.2007.06.059. 

 
 


