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ZUSAMMENFASSUNG

1. Zusammenfassung

Die Oberflacheneigenschaften von Polymermaterialien sind duf3erst wichtig, da sie die
Funktionen der Polymermaterialien und ihre entsprechenden Anwendungen bestimmen. Die
Entwicklung vielseitiger und kosteneffizienter Oberflachenmodifizierungsmethoden hat das
Interesse sowohl der akademischen als auch der industriellen Forschung geweckt. In der
vorliegenden Studie sind vielseitige und einfache Modifizierungsmethoden fir mikro- und
makroskopische Polymeroberflachen entwickelt worden, und ihre entsprechenden
Anwendungen wurden systematisch untersucht. Die Vorteile von Aktivestern, Elektrofasern,
UV-Bestrahlung und Nachmodifizierung wurden im Rahmen des Entwicklungsprozesses des
Verfahrens miteinander kombiniert.

Im ersten Projekt wurden aus polymerem Aktivester Poly(methylsalicylatacrylester)
(PMSAE) erstmals durch Elektrospinning Fasermembranen hergestellt. Nach weiterer
Nachmodifizierung durch eine einfache und milde oberflachenanaloge Reaktion unter
Verwendung von 4,7,10-Trioxa-1,13-tridecandiamin (TTDD) und 3,6,9-Triazaundecan-1,11-
diamin (TAD) wurden zwei Arten von faserigen Adsorbern, ndmlich PMSAE-TTDD und
PMSAE-TAD erhalten. Die Morphologie der hergestellten faserigen Adsorber wurde mittels
REM charakterisiert und die Vollstandigkeit des Nachmodifizierungsprozesses wurde durch
FTIR ermittelt. Die Adsorber wurden des Weiteren auf ihre Adsorptions- und
Selektivitatsleistung hinsichtlich verschiedener organischer Farbstoffe sowie auf ihre
Wiederverwendbarkeit getestet. Um die Adsorptionsdaten zu analysieren und damit den
Adsorptionsmechanismus zu untersuchen, wurden vier kinetische Modelle und drei
Isothermenmodelle verwendet. Die Ergebnisse zeigten, dass die faserigen Adsorber eine
extrem hohe Adsorptionskapazitdat gegentber dem anionischen Farbstoff Methylblau (MB)
(PMSAE-TTDD: 1652 mg / g; PMSAE-TAD: 1585 mg / g) aufwiesen sowie eine gute
selektive Adsorptionskapazitét von anionischen Farbstoffen aus kationischen Farbstoffen und

1
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dass sie mindestens funfmal wiederverwendet werden kdnnen. Der Adsorptionsmechanismus
der faserigen Adsorber gegenuber organischen Farbstoffen beruht auf elektrostatischen
Wechselwirkungen zwischen der Oberflache der faserigen Adsorber und den organischen
Farbstoffen.

Das zweite Projekt baut auf dem ersten Projekt auf und konzentriert sich auf die
Verbesserung der Vielfalt der Nachmodifikationsprozesse. Fir das Elektrospinning wurden
Polymermischungen verwendet, die aus Poly(methylmethacrylat) (PMMA), Photovernetzer
Poly(4-acryloyloxy-benzophenon) (PABP) und PMSAE anstelle des homogenen PMSAE
zusammengesetzt waren, was zur Bildung der Fasermembranen aus PMAM fuhrte. Nach der
Modifikation mit TTDD und (£) -3-Amino-1,2-propandiol (APD) wurden zwei verschiedene
Arten von faserigen Adsorbern, ndmlich PMAM-TTDD und PMAM-APD erhalten. Ihre
Adsorptionsleistungen wurden mit der gleichen Methode wie im ersten Projekt untersucht.
Die Ergebnisse zeigten, dass die Vielfalt des Nachmodifikationsprozesses erfolgreich
verbessert werden konnte. Der neu entwickelte faserige Adsorber, PMAM-TTDD, zeigte eine
hohe Adsorptionskapazitat von 1545 mg / g (nur geringfugig niedriger als die von PMSAE-
TTDD) hinsichtlich des anionischen Farbstoffes MB und eine gute selektive
Adsorptionskapazitat von anionischen Farbstoffen aus einer Mischung mit kationischen
Farbstoffen. PMAM-APD zeigte eine gute Adsorptionskapazitat von 577 mg/g hinsichtlich
des kationischen Farbstoffes CV und eine gute selektive Adsorptionskapazitdt von
kationischen Farbstoffen aus anionischen Farbstoffen.

Im dritten Projekt wurde eine niedermolekulare Verbindung aus Benzoeséure und 4-
Benzoyl-, 2,3,4,5,6-Pentafluorphenylester (BBPE), auf kostenglinstige Weise synthetisiert.
BBPE kombiniert aktive Ester mit photoreaktiven Gruppen und legt damit die Grundlage fur
eine vielversprechende, neue Methode zur Oberflachen-Nachmodifizierung mit mehreren
neuen Anwendungsfeldern. In diesem Projekt wurde die Methode verwendet, um die

Oberflachen von inerten Polyolefinen, porésen Batterieseparatoren und den Pflanzenblattern
2
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zu modifizieren. Die Ergebnisse zeigten, dass dieses Verfahren die folgenden Vorteile
aufweist: 1) es ermdglicht einen einfachen Zugang zum chemischen Anhaften von aktiven
Beschichtungen auf praktisch jeder Oberflache, die eine aliphatische C-H-Bindung enthalt.
Gewiunschte funktionelle Gruppen kdnnen durch weitere oberflichenanaloge Reaktion leicht
gebunden werden; 2) die Handhabung ist einfach, da sie keine Katalysatorzugabe und nur
milde Reaktionsbedingungen erfordert; 3) es kdnnen chemische Muster in verschiedenen
Formen und in unterschiedlichen Malstaben erhalten werden, indem einfach verschiedene
Fotomasken gegeneinander ausgetauscht werden, um den Bereich der UV-Bestrahlung zu
steuern; 4) das Verfahren ist auch anwendbar, um die Oberflacheneigenschaften von
natlrlichen Substraten wie Pflanzenblattern zu verandern; 5) es kann auch verwendet werden,

um pordse Materialien zu modifizieren, ohne den Grad an Porositat anpassen zu missen.






ABSTRACT

2. Abstract

The surface properties of polymeric materials are extremely important as they determine
the materials’ functions and further decide their corresponding applications. Developing
versatile and cost-efficient surface modification methods has been attracting the interest of
both the academic and the industrial community. This study developed versatile and simple
modification methods for micro- and macroscopic polymer surfaces and systematically
investigated their corresponding applications. The advantages of active esters, electro-spun
fibers, UV-irradiation and post-modification have been synergized during the method
development process.

In the first project, the polymeric active ester poly(methyl salicylate acrylic ester)
(PMSAE) was for the first time electro-spun into fibrous membranes. After further post-
modification through a simple and mild surface-analogous reaction using 4,7,10-trioxa-1,13-
tridecanediamine (TTDD) and 3,6,9-triazaundecan-1,11-diamin (TAD), two fibrous
adsorbents, PMSAE-TTDD and PMSAE-TAD, were obtained. The morphology of the
produced fibrous adsorbents was characterized utilizing SEM and the completeness of the
post-modification process was determined using FTIR. The adsorbents were further tested for
their adsorption and selectivity performance of different organic dyes as well as for their
reusability. To analyze the adsorption data and thus explore the adsorption mechanism, four
kinetic models and three isotherm models were used. The results indicated that the fibrous
adsorbents show an extremely high adsorption capacity towards the anionic dye methyl blue
(MB) (PMSAE-TTDD: 1652 mg/g; PMSAE-TAD: 1585 mg/g), a good selective adsorption
capacity of anionic dyes from a mixture with cationic dyes and that they can be reused at least
5 times. The adsorption mechanism of the fibrous adsorbents towards organic dyes is based
on electrostatic interactions between the surface of the fibrous adsorbents and the organic

dyes.
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Based on the first project, the second project focuses on improving the diversity of the
post-modification process. Polymer blends which were composed of poly(methyl
methacrylate) (PMMA), the photo-crosslinker poly(4-acryloyloxybenzophenone) (PABP) and
PMSAE instead of the homogeneous PMSAE were used for electrospinning, which resulted
in the fibrous membrane PMAM. After post-modification with TTDD and (z)-3-amino-1,2-
propanediol (APD), two different types of fibrous adsorbents PMAM-TTDD and PMAM-
APD were obtained. Their adsorption performances were investigated using the same method
as in the first project. The results show that the diversity of the post-modification process was
successfully improved. The newly developed fibrous adsorbent PMAM-TTDD exhibit a high
adsorption capacity of 1545 mg/g (just slightly lower than that of PMSAE-TTDD) towards
the anionic dye MB and a good selective adsorption capacity of anionic dyes from cationic
dyes. PMAM-APD shows a good adsorption capacity of 577 mg/g towards the cationic dye
CV and a good selective adsorption capacity of cationic dyes from anionic dyes.

In the third project, a small molecule compound benzoic acid, 4-benzoyl-,2,3,4,5,6-
pentafluorophenyl ester (BBPE) was synthesized in a cost-efficient way. BBPE combines an
active ester with a photo-reactive group, thus laying the foundation for a promising, new
surface post-modification method with several possible application fields. In this study, it was
used to modify the inert polyolefins surfaces, porous battery separators and plant leaves. The
results showed that this method features the following advantages: 1) it provides an easy and
simple way to chemically attach active coatings on any surface that contains aliphatic C-H
bonds. Desired functional groups could be easily attached through further surface-analogous
reaction; 2) the process is easy to control, requires no catalyst addition and takes place under
mild reaction conditions; 3) chemical patterns of different shapes and scales can be obtained
easily via a simple change of photomasks which control the UV-irradiation area; 4) it also
allows to change the surface properties of natural substrates such as plant leaves; 5) it can be

used to modify porous materials without changing the porosity degree.
6



INTRODUCTION

3. Introduction

3.1 Post-polymerization modification

Post-polymerization modification is a popular synthetic method to prepare functional
polymer materials.® The general concept is to directly polymerize or copolymerize monomers
that bear chemoselective handles and are inert towards the polymerization conditions,
resulting in reactive precursor polymers. And subsequently, these precursor polymers can be
quantitatively converted into various functional groups.?

One of the most prominent advantages of post-polymerization modification is the way it
introduces multiple functional groups in a controlled fashion and it can efficiently avoid
cumbersome synthesis processes.> The introduction of functional groups that are not
compatible with common polymerization conditions is another of the most pronounced
advantages of this method,* making post-polymerization modification the first choice when it
comes to the synthesis of systematic polymer libraries.

Popular precursor polymers that are reported in the literature include polymeric active
esters, polymeric anhydrides, isocyanates, oxazolones, and epoxides, polymers that can carry
out Michael-Type addition reactions, polymers bearing aldehydes and ketones, etc.” The

general concept of post-polymerization modification is schematically shown in Scheme 3-1.
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%

Section 2. Reaction with active esters
Section 3. Reaction with anhydrides, isocyanates,
oxazolones, and epoxides
Section 4. Michael-type addition
|_o po(lc;)nr:g?i!gsén Section 5. Thiol exchange
Section 6. Radical thiol addition
Section 7. Atom transfer radical addition
Section 8. Reaction with aldehydes and ketones
Section 9. Huisgen 1,3-dipolar cycloaddition
Section 10. Pd-catalyzed (cross-)coupling reactions
| 4

Monomerbearinga  Polymer precursor bearing Post-polymerization modification
chemoselective handle chemoselective handles

Functional polymers
Scheme 3-1 Synthesis of polymers by post-polymerization modification. (Reproduced with permission.’

Copyright © 2009 WILEY - VCH Verlag GmbH & Co. KGaA, Weinheim)

3.2 Polymeric active esters

As mentioned in the above section 3.1, polymeric active esters are one type of the popular
precursor polymers for preparing functional polymer materials. Polymeric active esters have
been considered promising for the preparation of reactive precursor polymers as they are free
of metal and have mild reaction conditions since reported by Ferruti et al® and Ringsdorf et al
in 20 Centry 70s.2® The most popular and explicitly explored polymeric active esters are N-

0

hydroxysuccinimide (NHS) based active ester polymers’®® and pentafluorophenyl (PFP)

based active ester polymers*™>.

3.2.1 NHS-based active ester polymers

NHS-based active ester polymers are the oldest polymeric active esters.®> They exhibit a
twofold advantage. On the one hand, they are quite (yet not fully) resistant to hydrolysis.*® On
the other hand, nucleophilic aminolysis with primary and secondary amines can easily take
place under mild reaction conditions to generate functionalized polyacrylamide derivatives.’
Poly(N-hydroxysuccinimide  acrylate) (PNHSA) and  poly(N-hydroxysuccinimide

methacrylate) (PNHSMA) synthesized by free radical polymerization were first reported by
8
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Ringsdorf and Ferruti.> ” The reaction is shown in Scheme 3-2 (a). Murata and coworkers®
reported the synthesis of polymer brushes containing succinimide active ester groups. The
polymer brushes were attached to the surface of silicon oxide substrates. In the subsequent
step, amines that carry additional desired functional groups such as amino acids, dyes, crown
ethers etc. can be attached to the polymer brushes via aminolysis. The resulting functional
polymer brushes have the potential to be useful for a wide range of different applications

especially in the field of biosensors.

(a) O R
0
N AIBN
o THF o 0
R O
0 0

N

s

PolyNHSA / PolyNHSMA

0]
) Q p Q2 ABN R \ R
yj\ ,N + yj\x —_— /{/\/Q/ﬁ’f
O
R © R oS0 x"o
(c) R R R R R
X y 2
FG—NH, 10
(I) (0] I Hl}l O o (0] l}l O
N FG NH FG
O\V\Jéo _ @) glutarimide-bound
desired conjugate
conjugate
(0]
______________________________________ HN ring opened
R =H, Me 'FG conjugate
H

X
1
0
<
o
0
o8}
<
|
P
o
|
Z

Scheme 3-2 (a) Free radical homopolymerization of NHSA/NHSMA. (b) Free radical copolymerization of
NHSA/NHSMA. (c) Side reactions during aminolysis of polyNHSA/polyNHSMA. (Reproduced with

permission.® Copyright © 2015 American Chemical Society)
9
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However, the disadvantages of NHS-based active ester polymers are not negligible. One
major disadvantage is the poor solubility of NHS-based active ester homopolymers in most
organic solvents (except for DMF and DMSO).® Therefore NHSA and NHSMA are
commonly copolymerized with other monomers as shown in Scheme 3-2 (b). This method
can solve the solubility problem. However, it also results in a decrease of reactive sites.
Another drawback are the unexpected ring-opening and glutarimide-forming side reactions
during the aminolysis step as shown in Scheme 3-2 (c).> ! Although Wong and Putnam™®
established a protocol to overcome this drawback, it requires to carry out the aminolysis
process using an excess of primary amine-containing nucleophile and at a high temperature of
75°C. Due to the drawbacks mentioned above, the utilization of NHS-based active ester

polymers is limited.
3.2.2 PFP-based active ester polymers

The synthesis of the PFP-based active ester polymers poly(pentafluorophenyl acrylate)

I** in 1999. However,

(PPFPA) via bulk polymerization was first reported by Blazejewski et a
due to the crosslinking during the bulk polymerization process, the obtained polymers cannot
dissolve in the solvents THF, 1,24-trichlorobenzene, N,N-dimethylacetamide,
hexafluoroisopropanol or cresol. This flaw made it impossible to use size exclusion
chromatography analysis or another characterization method, thus eliminating the chance for
further research or application.

However, this situation changed since Eberhardt and coworkers reported the synthesis of
PPFPA and poly(pentafluorophenyl methacrylate) (PPFPMA) using AIBN as a thermal
initiator.® They found that the obtained PFP-based active ester polymers exhibited an
excellent solubility in most organic solvents and better reactivities in the subsequent

substitution step than the commonly used NHS-based active ester polymers. This report

provides new precursor polymers for the preparation of multifunctional materials. The

10
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preparation of PFPA/PFPMA, their polymerization to PPFPA/PPFPMA and their substitution

with various nucleophiles are shown in Scheme 3-3.

OH ﬁ>:
R
:gz F F o 26-Lutidin 0

Ph—NH, Hex—OH

+ (0]
-2,6-LutidinHCl | F
Cl F F
F
F F
[T ! F
. R=H,CH; |
i , . Hex< i
' R'—XH: Hex—NH, Me/NH ' AIBN | benzene/dioxane

R \{\/\l\n
\I\’\n R—XH
e

X o DMF, 50 °C, 24 h O o
. F F
&

F F

F

Scheme 3-3 The preparation of PFPA/PFPMA, their polymerization to PPFPA/PPFPMA and their
substitution with various nucleophiles. (Reproduced with permission.® '® Copyright © 2015 American

Chemical Society © 2005 Elsevier Ltd.)

Since then, PFP-based active ester polymers caught a lot of attention and have been
explicitly explored. Park and coworkers prepared transparent conductive multilayered films
using active PFP ester modified multiwalled carbon nanotubes.*® Their work was meaningful
in two aspects. Firstly, it made it possible to fabricate nanoscale electronic components using
carbon nanotubes. Secondly, it contributed to the application in bionanoelectronics by
providing the possibility of introducing bioactive compounds or biological complexes onto

multiwalled carbon nanotubes. Schattling et al.?’

reported that PFP-based active ester
polymers provide easy access to prepare temperature-, light- and redox triple-responsive

polymers. The obtained triple-responsive polymers have a promising potential for molecular
11
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information processing. Gaballa and Théato® reported the successful preparation of glucose-
responsive polymeric micelles from a precursor PPFPA block copolymer. They also pointed
out that the glucose-responsive micelles have the potential to be used in a self-regulated
insulin delivery system.

PFP-based active ester polymers feature a series of advantages such as a simple synthesis
and purification process, an excellent solubility in most organic solvents, an outstanding
reactivity towards amines in the subsequent aminolysis process, a convenient characterization
of the aminolysis process by *F NMR and FTIR spectroscopy etc. '® #? However, the
disadvantage of the toxicity of the pentafluorophenol group is not negligible. The release of
pentafluorophenol groups during the subsequent post-modification aminolysis process and the
possibly remaining PFP-ester groups in the polymers render their application in the biological

area controversial.!
3.2.3 Salicyl-based active ester polymers

Salicyl-based ester monomers were first synthesized by Boudreaux et al in 1997.% They
were copolymerized with acrylic acid to investigate the release of phenolic compounds via
hydrolysis, making them potentially useful as plant growth regulators.”® He and coworkers
first reported salicyl-based esters as polymeric active esters.' The post-polymerization
modification property was explored with different amines, the active ester reactivity was
compared with the established PPFPA and the cell cytotoxicity of the released group during
the post-modification step was investigated using HelLa cells. They found that salicyl-based
ester polymers enable an almost quantitative functionalization with primary amines even
though the reactivity of salicyl-based ester polymers is not as high as that of PFP-based active
ester polymers in terms of secondary amines.! Furthermore, the significantly reduced

cytotoxicity and the cost-effectiveness makes them ideal candidates for the preparation of bio-
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related functional materials. The synthesis of salicyl-based ester polymers and their

subsequent aminolysis process is shown in Scheme 3-4.

by b
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Scheme 3-4 Synthesis of Poly(methyl-salicylate acrylate) (P1), Poly(salicyl acrylate) (P2), and Poly(tert-
butyl-salicylate acrylate) (P3) and Their Post-Polymerization Modification with Amines. (Reproduced with

permission.! Copyright © 2014 American Chemical Society)
3.3 Water pollution

3.3.1 Shortage of fresh water

The availability of fresh water is one of the big challenges of modern civilization. In the
twenty-first century different socio-economic factors like population explosion,
industrialization, urbanization and rapid development of economy have resulted in an
extensive pollution of water, endangering humans and other organisms alike.?* Although 70%
of the surface of the earth is covered by water, the supply of fresh water is limited: only 2.7%
of the water on earth is considered fresh, of which only 0.3% is accessible to human beings.
That means only around 0.007% of the water on earth is available to human beings.”® This
makes water a scarce resource in many parts of the world and its pollution a big problem. In
numbers, nowadays, 1 billion people have no access to safe drinking water”® and the number

might reach up to 4 billion by 2050%" according to the reports of the World Health
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Organization.** Various industry effluents make up a large portion of wastewater. A large
amount of those can be contributes to effluents containing dyes and their intermediates from
the textile, leather, paper, plastic and paint industries, mainly from cleaning processes.?* 2
Once poured into clean water, industry effluents cause adverse effect on aquatic plants,
photosynthetic bacteria and the ecology of the surrounding water.?* Since fresh water is a
scarce resource and many of the mentioned industries contributing to waste water pollution
are often located in developing countries, which suffer from overpopulation and fresh water

shortages, it is of vital importance to develop not only efficient but also cost-effective

methods of cleaning contaminated water.
3.3.2 Various water purification methods

Water contamination of especially organic dyes has been receiving increasing attention
from academic as well as industrial research and from environmental policy makers.?®
Various water purification materials and methods have been reported, including coagulation,
biological methods, ozone treatment and adsorption. Conventional methods normally have
some disadvantages such as being time-consuming, having poor recyclability or releasing of
secondary pollutants.?

Among these methods, adsorption has been regarded as particularly promising because it
is safe, facile, economic, efficient, requires low-energy input and does not release or produce

any by-products during the purification processes.? 3 Many different materials like activated

31-33 34,35 36, 37 38,39

carbon, zeolites, clays, agricultural residues and so on have been investigated
as adsorbents.*® However, the utilization of these materials turned out to be either expensive,
having low adsorption capacities or a low selectivity, or there were difficulties of separation
or regeneration. Polymer-based adsorbents (including pure polymers and organic-inorganic
hybrid polymers) exhibit important advantages over other adsorption materials in terms of

being easy to functionalize.
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For example, Wang and coworkers reported two pure polymer-based adsorbents, the
bakelite-type anionic microporous organic polymers (MOPs) MOP-1 and MOP-2.** The
materials feature the anionic skeleton, microporous properties and abundant hydroxyl groups.
And they show a good adsorption performance: the maximum adsorption capacities toward
the cationic dyes malachite green and methylene blue are 712.2 mg/g and 593.6 mg/g,
respectively. In addition, the materials exhibit charge and size-selectivity: little adsorption
was observed for the anionic dye methyl orange and the large-size cationic dye basic blue 7.
Furthermore, the materials can be recycled at least four times with less than 5% loss of
adsorption capacities. The structure of the MOPs and the adsorption-desorption mechanism

are shown in Fig. 3-1.
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Fig.3-1 The structure of the MOPs and the adsorption-desorption mechanism. (Reproduced with

permission.** Copyright © 2019 Elsevier B.V.)

Wei et al. developed poly(cyclotriphosphazene-co-4,4’-sulfonyldiphenol) (PZS) based

organic-inorganic hybrid polymer submicro-spheres (PZS submicro-spheres) via a one-step
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precipitation copolymerization route.”” They found that the equilibrium adsorption capacities
of PZS submicro-spheres toward the guest dyes methylene blue, Bismarck brown Y (BY),
neutral red (NR), rhodamine B (RhB), and calcein (Cal) are 142.46, 133.99, 116.73, 47.37, and
30.20 mg/qg, respectively. For orange G (OG), ponceau S (PS) and methyl orange (MO), a little
or no adsorption was exhibited. The mechanism of the selective adsorption is the host-guest
interaction between adsorbents and adsorbates. The structure of the adsorbents PZS submicro-

spheres and the corresponding selective adsorption performance are shown in Fig. 3-2.

donating electrons

selective

attracting protons :
adsorption

Fig. 3-2 The structure of the adsorbents PZS submicro-spheres and the corresponding selective adsorption

performance. (Reproduced with permission.*? Copyright © 2015 The Royal Society of Chemistry)

3.4 Electrospinning

3.4.1 Electrospinning technique

Electrospinning is a practical technique for the production of polymer nanofibers with
diameters within a range of 40-2000 nm.**** The genesis of electrospinning dates back to the
year 1600 when William Gilbert first recorded the electrostatic attraction of a liquid.* Since
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then related discovery and theory were constantly supplemented and improved. In the early
1990s electrospun nanofibers were reported by several research groups. Especially Reneker’s
research group popularized the term electrospinning. Since 1995, the electrospinning
technology gained increasing interest both from academic and industrial research and
correspondingly, the number of published papers has been exponentially increasing from year
to year.” The typical set-up of the electrospinning technology is shown in Fig. 3-3. Its
working principle is as follows:** “®*® a polymer solution in a syringe is pressed out at a
defined flow rate by a syringe pump. A high voltage is applied between the tip of the blunt
needle and the grounded collector. A force will be generated due to the repulsion between
charges in the polymer solution and attraction towards the grounded collector which is
oppositely charged. When the force overcomes the surface tension of the polymer solution, a
conical shape, which is known as the Taylor cone, will appear on the tip of the blunt needle.
When the applied voltage is high enough, a charged jet of fluid will be ejected from the tip of

the Taylor cone. The discharged jet undergoes an elongation process while the solvent

evaporates. As a result, fibers are obtained.

Polymer solution
Taylor cone

- Homm \
Syringe pump
High voltage supply

A F N

= Grounded collector

Fig. 3-3 Schematic representation of an electrospinning apparatus with horizontal arrangement of the

electrodes.
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By adjusting the applied electrospinning parameters, changing the solvents used to
dissolve polymers or using different polymer solution concentrations, it is possible to obtain
fibers with different morphologies and orientation and surfaces with different topography.
Other parameters such as ambient conditions can also affect the final obtained fiber properties
obtained. The detailed effecting parameters are listed in Table 3-1.2”* The produced fibers
feature many interesting properties such as outstanding mechanical properties, a high surface
area to volume ratio and the diameters of fibers in nanoscale.”” “® Several other techniques are

available to generate nanofibers, for example, drawing,>® template synthesis®® >

and phase
separation®®. However, electrospinning is highly preferred over other techniques as it is
simple and reliable for the preparation of smooth nanofibers with controllable morphology

from various polymers.?” >

Table 3-1 Effecting parameters for electrospinning (Reproduced with permission.”” Copyright © 2014

Elsevier B.V.)

Solution parameters Process parameters Environmental conditions
Concentration Electrostatic potential Temperature

Viscosity Electric field strength Humidity

Surface tension Electrostatic field shape Local atmosphere flow
Conductivity Working distance Atmospheric composition
Dielectric constant Feed rate Pressure

Solvent volatility Orifice diameter

3.4.2 Electrospun fibrous membranes for water purification

Recent years have witnessed a growing interest in the emerging research area of water
purification materials based on electrospun polymeric membranes. The growing interest can

be attributed to their outstanding properties, e.g. a high porosity, a large specific surface area,
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an easily tunable surface functionalities and an excellent mechanical behavior.?* *® The work
principle of electrospun polymeric membranes for water purification comprises two aspects:
adsorption and size exclusion as shown in Fig. 3-4. The performance of electrospun polymeric
membranes is to a high extent determined by the surface properties. A hydrophobic
membrane surface can easily cause membrane fouling. A membrane surface with chelating
agents is efficient for organic impurities and heavy metal ions. Fortunately, the properties of
the surface of an electrospun fibrous membrane can easily be changed by using blend

polymers for electrospinning or post-surface modification.?*

» == water molecule
== impurities
L &l

Filtration membranes

Fig. 3-4 Schematic representation of (A) adsorption membrane; (B) filtration membrane. (Reproduced with

permission.”* Copyright © 2017 Taylor & Francis)

56-58 59, 60 61, 62

Various polymers such as polyacrylonitrile, polyethersulfone, polysulfone,

63-66 67-69 70,71 72-74

poly(vinylidene fluoride), polyurethane, polyester, cellulose acetate,

polyvinyl

I”>7" and chitosan’®® have been used to prepare electrospun fibrous membranes for
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water purification.?* Among these polymers, some are hydrophobic and some are hydrophilic.
The obtained hydrophobic electrospun fibrous membranes are prone to the mentioned fouling
problem, while the hydrophilic ones normally suffer from poor mechanical strength.?* Both of
them need to be modified to overcome their respective limitations.

Ma and coworkers prepared novel composite nanofibers by depositing polypyrrole
particles on elecrospun poly(vinylidene fluoride) nanofibers with the assistance of
polydopamine.®! The homogeneous polypyrrole particle coating increased the hydrophilicity
and roughness of the fibrous membrane surface. The adsorption abilities of the novel
composite nanofibers were investigated with the cationic dye Methylene Blue, the anionic dye
Congo Red and the heavy-metal ion Cr(V1). The results showed that the maximum adsorption
capacities were 370.4, 384.6 and 126.7 mg/g, respectively. And the novel composite
nanofibers showed a good regeneration ability. After using them for 12 cycles, the adsorption
capacities were still at 76.8% and 75.7% of the initial adsorption capacities of Methylene Blue
and Congo Red, respectively.

Sharma et al. reported that electrospun chitosan-poly(vinyl alcohol) composite nanofibers
loaded with cerium could efficiently remove arsenic from contaminated water.?? Chitosan was
chosen as the electrospun polymer due to its film-forming capacity, its metal-binding capacity,
its biodegradability and its antimicrobial activity.?> 3 However, the high viscosity of the
chitosan solution has an adverse effect on the electrospinning process of fibers. Therefore,
water soluble and non-toxic poly(vinyl alcohol) was added to reduce the viscosity. Cerium(lll)
was added to the polymer blend because of its small ionic radius, high electric charge and
higher potential energy. And the adding of Cerium(I11) improved the adsorption capacity and
decreased the adsorption time. The results showed that the maximum adsorption capacity of
the obtained composite nanofibers toward As(I11) adsorption is 18.0 mg/g. And As(I11) can be

selectively adsorbed in the presence of several other ionic species.
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3.5 UV-initiated cross-linking

Ultraviolet (UV)-initiated cross-linking has been known since the 1950s.®* The general
concept is that upon UV-radiation, a photo-crosslinking group of the starting material is
activated. The starting material becomes a highly reactive intermediate that can react with a
neighboring functional group and form a new covalent bond.®* The new covalent bond is
termed a “cross-link”.%* The main advantages of this technique are: (a) radiation can be
conducted at room temperature; (b) it is solvent-free; (c) it is a low-cost and simple method.
Mostly, three major photo-reactive groups are employed, such as benzophenones, aryl azides
and diazirines.*® The corresponding reactive intermediates are ketyl diradical, nitrene and
carbene under UV-radiation.®® The three photo-reactive groups and their corresponding
reactive intermediates are shown in Scheme 3-5.

Benzophenone-derived ketyl diradicals can insert into C-H bonds. They can react with
almost any neighboring alkyl-group via H-abstraction.?” Aryl azide-derived nitrene groups
can insert into neighboring X-H bonds (X=C, N, O, S) of amino acid residues. However, they
can also quickly rearrange to the more stable elecrophile 1,2-didehydroazepine as shown in
Scheme 3-5, resulting in a reduction of the crosslinking efficiency and selectivity.®
Diazirine-derived carbene groups can also insert into neighboring X-H bonds (X=C, N, O, S)
of amino acid residues. However, as illustrated in Scheme 3-5 they can also quickly rearrange
to relatively inert diazo intermediates in a side-reaction, causing a decrease of the crosslinking
efficiency.®® #°! Based on the above analysis, we know that benzophenone-derived ketyl
diradicals exhibit a higher chemoselectivity compared to the other two photo-reactive

groups.® %2
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Scheme 3-5 Three different types of photo-reactive groups. (Reproduced with permission.®® Copyright ©

2014 WILEY - VCH Verlag GmbH & Co. KGaA, Weinheim)

UV-irradiation can be used as one surface modification technique based on photografting
polymerization.”® As it needs light illumination, this surface modification technique allows
UV-lithography to design chemical patterns on a substrate surface.?” Benzophenone-
containing polymers have experienced a renaissance in application because through a simple,
one-step photo-reaction, they can be attached to and cross-linked on almost any kind of
organic surface.!” Bshm and coworkers reported using benzophenone-containing functional
polymers to modify model filter papers.®” They prepared poly(methyl methacrylate)
copolymers that contain benzophenone photo-reactive groups. The copolymers were
deposited on the model filter paper via dip-coating. After UV-irradiation, the copolymers
were chemically linked to the paper substrates. And the linked copolymer amount can be
controlled by adjustment of the copolymers concentration during the coating process. With
the aid of lithographic masks, a millimeter-sized Y-shaped channel that can guide fluid

penetration by capillary actions was obtained. In addition, the surface properties of the model
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filter paper can be easily changed by embedding the desired functional groups in the
benzophenone-containing copolymers. This method provides a guideline for the further
design of “lab-on-paper devices”.** The UV-lithographic process for the creation of chemical

patterns is shown in Scheme 3-6.

.-u.__‘
.

I cellulose fiber cellulose fiber
fllm
deposition illumination
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extraction

Scheme 3-6 Schematic illustration of the lithographic process for the creation of chemical micropatterns.
During the illumination step a mask is brought into contact with the substrate. No light passes through
sections blocked by the mask, and non-bound polymer in shaded areas can be removed by solvent

extraction. (Reproduced with permission.” Copyright © 2012 Springer Science Business Media Dordrecht)

Benzophenone can also be applied in the modification of a membrane for water
purification.®>®® Chen and coworkers reported a one-step eco-friendly method to modify
poly(ethylene terephthalate) (PET) fabrics via a photochemical reaction with a benzophenone
group terminated quaternary ammonium salt (BP-QAS).*® Upon UV-irradiation, the small
molecule compound BP-QAS was chemically attached to the PET surfaces like ribbons fixed
at only one end. After modification, the PET fiber structure remained intact and the water
permeability was not affected. The resulting PET fabrics exhibit a series of features: 1) an

improved tearing strength resulting from the increased cohesive force between the fibers, 2) a
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significantly improved hydrophilicity with an observable antistatic property, 3) excellent and

durable broad-spectrum antimicrobial activity.

3.6 Spin coating technique

Spin coating is an important uniform film-forming technique.'® Its study and application
can be dated back to the beginning of the 20™ century.’™ It has attracted great interest in
academic and applied science due to its easy handling, reproducibility and applicability to
various materials.’® The schematic illustration of the spin coating technique is shown in Fig.
3-5. Its working principle is as follows.*®* '® During the spin coating process, a substrate
covered with coating solution is rotated. A strong shearing of the coating solution is induced
by centrifugal forces. This results in most of the coating solution being ejected and the film
becoming thinner until equilibrium is reached. Equilibrium can be determined by the applied
spin speed and the coating solution viscosity. Once the solvent is evaporated, the final film
thickness is reached. The concentration of the coating solution and the applied spin speed has
a significant effect on the obtained film coating thickness. Normally, a higher solution
concentration and a lower spin speed result in a thicker film coating.’%? The solvent volatility
affects the film coating thickness as well. Norrman et al. found that when the same
concentration of coating solution is used, a solvent with higher volatility can increase the film

coating thinkness.*® Spin coating is applied in various fields such as in organic field-effect

4 5 6 7

transistors,'™ sensors,'® protective coatings,'® optical coatings,"" membranes'® and

others.'%
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Fig. 3-5 Schematic illustration of the spin coating technique. (Reproduced with permission.’®® Copyright ©

2008 Elsevier B.V.)
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4. Concept and Motivation

It is well known that the surface properties of polymeric materials are of vital importance
as they determine the functions of polymeric materials and further decide their corresponding
applications. Developing surface modification methods that are versatile and efficient is of
significant interest for both academic and industrial research. The objective of this thesis is to
develop versatile and simple modification methods for micro- and macroscopic polymeric
material surfaces and to investigate their corresponding applications. The advantages of active
esters, electro-spun fibers, UV-irradiation and post-modification are synergized to obtain the
desired surface properties. As mentioned in section 3.1, polymeric active esters are one type
of the popular precursor polymers for the preparation of functional polymer materials.
However, to the best of our knowledge, electro-spinning of polymeric active ester into fiber
membranes and their application for water purification has never been reported. Large
quantity literature has been published about combining active ester polymers with photo-
reactive polymers. However, combining a small molecule active ester with a photo-reactive
group and its application of the resulting compound for the modification of material surfaces
has never been investigated before. This study will fill in the above knowledge gap. The
content of this study includes three parts and the detailed objective of each part is as follows:

The first part focuses on combining the advantages of polymer-based adsorbents and
active esters by electro-spinning the polymeric active ester poly(methyl salicylate acrylic ester)
(PMSAE) into fibrous membranes. Subsequently, the PMSAE fiber membranes will be post-
modified under simple and mild reaction conditions. Finally, the application of the obtained
fibrous adsorbents for the removal of organic dyes from water will be systematically
investigated.

The second part focuses on increasing the diversity of the post-modification process by

using polymer blends instead of the homogeneous polymer PMSAE for electrospinning.

27



CONCEPT AND MOTIVATION

Consequently, the finally obtained fibrous adsorbents will be diverse in their application. The
diversity will measured and verified by how well the obtained fibrous adsorbents are able to
remove organic dyes selectively.

The third part features a versatile post-modification method for surface modification
which is possible by combining the advantages of an active ester and a photo-reactive group.
The application of the resulting compound on various substrates, especially on inert
polyolefins, and the creating of different chemical patterns and the changing of surface
properties will be investigated. The unique advantage of the small molecule modification

compound will be explored.

28



RESULTS AND DISCUSSION

5. Results and Discussion

5.1 Preparation, characterization and adsorption performance study of

PMSAE-based fibrous adsorbents

This chapter is partially adapted from a submitted study.*®

The focus in this chapter lies on combining the advantages of polymer-based adsorbents,
post-polymerization modification, polymeric active esters and electrospinning to develop
simple synthesized and cost-efficient materials for water purification. In this study, the
salicyl-based polymeric active ester PMSAE was synthesized based on the method reported
by Barbosa et al.,"*° but with some modification, which increased the yield significantly. For
the first time, PMSAE was electrospun into polymer fibers and used for organic dyes
wastewater treatment after a simple post-modification with desired functional groups. The
morphology of the produced fibrous adsorbents was characterized utilizing SEM and the
completeness of the post-modification process was determined using FTIR. The adsorbents
were further tested for their adsorption and selectivity performance of different organic dyes
as well as for their recyclability. To explore the adsorption mechanism, four kinetic models
and three isotherm models were used to analyze the adsorption data. The process of the
preparation of fibrous adsorbents and their application is presented as a schematic illustration

in Scheme 5-1.
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Scheme 5-1 Schematic representation of the preparation of the adsorbents and their corresponding

application.

5.1.1 Characterizations of the fibrous membrane precursor PMSAE and of the

fibrous adsorbents

L0 \with some

Active ester MSAE was synthesized according to the literature
modification which significantly increased the yield from 77% to 92%. Subsequently,
polymeric active ester PMSAE was obtained by free radical polymerization. In this work, I
combined the advantages of polymer-based adsorbents and active esters by electro-spinning
the polymeric active ester PMSAE into fiber membranes. Subsequently, the PMSAE fiber

membranes were post-modified with 4,7,10-trioxa-1,13-tridecanediamine (TTDD) and 3,6,9-

triazaundecan-1,11-diamin (TAD) under simple and mild reaction conditions. The final
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products were two types of fibrous adsorbents, PMSAE-TTDD and PMSAE-TAD,
respectively.

The corresponding morphologies of the adsorbents are shown in Fig. 5-1 (a-c). It can be
observed from the images that the original PMSAE fibrous membrane and the post-modified
PMSAE-TTDD, PMSAE-TAD fibrous membranes exhibit a very similar fiber morphology
with a smooth and uniform surface and fiber diameters between 1-2 pm.

FTIR-spectra were used to determine the conversion of the post-modification process.
FTIR results of the fibers before post-modification, PMSAE, and after post-modification,
PMSAE-TTDD and PMSAE-TAD, are shown in Fig. 5-1 (d). For the original PMSAE fiber,
the bands at 1754 cm™ and 1719 cm™ are attributed to the C=0 stretch of methyl salicylate
ester and to the C=0 stretch of methyl ester, respectively.® The band at 1605 cm™ is attributed
to the C=C resonance vibrations in the aromatic ring of the methyl salicylate group. The
successful post-modification of the PMSAE fibers with TTDD and TAD via aminolysis can
be confirmed by the disappearance of the characteristic bands of the original PMSAE fiber
and the appearance of new bands at 1643cm™, 1543 cm™, broad band around 3284 cm™.
These new bands correspond to the C=0O stretching, the C-N bending and the N-H stretching

of amide, respectively.
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Fig. 5-1 SEM images of (a) the original PMSAE fibers, (b) the PMSAE-TTDD fibers and (c) the PMSAE-
TAD fibers. Insets show the high resolution SEM images. (d) IR of PMSAE before and after post-

modification with TTDD and TAD.

5.1.2 Adsorption performance

The adsorption performance of the fibrous adsorbents PMSAE-TTDD and PMSAE-TAD
were studied with two cationic dyes (methylene blue (MeB) and crystal violet (CV)) and three

anionic dyes (azorubine (AR), orange G (OG) and methyl blue (MB)) (Fig. 5-2). 10 mg of
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adsorbents were added to 40 mL dye solutions (1 mg/mL). After shaking at 240 RPM at
ambient temperature for 4 h (predetermined), the concentrations of the dye solutions after
adsorption were measured with an UV-Vis spectrophotometer and the adsorption capacities

were calculated.
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Fig. 5-2 Molecular structures of the dyes used in the adsorption study, anionic dyes: MB, AR and OG;

Cationic dyes: CV and MeB.

The results are shown in Fig. 5-3. It can be seen that there is no big difference in the
adsorption capacity between these two adsorbents. Both adsorbents have a clear preference to
adsorb anionic dyes. The adsorption capacity of anionic dyes was determined to be above 200
mg/g, and for the dye MB it was even above 1600 mg/g. However, for cationic dyes, the
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adsorption capacity was below 200 mg/g or, as in case of the dye MeB, no adsorption could

be observed at all.
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Fig. 5-3 The adsorption capacity of different dyes on the fibrous adsorbents PMSAE-TTDD and PMSAE-

TAD. Dye concentration: 1000 mg/L, adsorbent dosage: 10 mg.

Since the difference of the adsorption capacity between anionic and cationic dyes is so
significant, 1 assume that the fibrous adsorbents feature a selective adsorption capacity.
Therefore, the following experiment was carried out to verify this hypothesis. Mixed dye
solutions of anionic and cationic dyes (AR and MeB as well as OG and MeB) with a mass
ratio of 5:1 were prepared. The fibrous adsorbents PMSAE-TTDD and PMSAE-TAD were
added to each mixture. After shaking for 4 h, the fibrous adsorbents could be pulled out of the
solution as free standing membranes. UV-Vis spectra were measured of the mixed dye
solutions before and after this adsorption process. The corresponding results are shown in Fig.
5-4. The optical photograph of Fig. 5-4 (a) and (b) clearly shows that the anionic dyes AR and

OG can be selectively adsorbed from the mixture by both adsorbents and that the quantity is
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even 5 times higher than that of the cationic dye MeB. The UV-Vis spectra in Fig. 5-4 (¢) and
(d) further verified this selective adsorption capacity. It can be seen in Fig. 5-4 (c) that before
adsorption, 2 peaks appeared in the UV/Vis spectrum at 515 nm and 690 nm, corresponding
to the dye AR and the dye MeB, respectively. The absorption peak of MeB was expected to
appear at 660-665 nm, the slight shift might be due to the mixing of the dyes resulting in the
change of the pH of the solution. Nevertheless, after adsorption, the peak at 515 nm
disappeared almost completely, indicating that the adsorbents selectively adsorbed the anionic
dye AR from the mixture. Fig. 5-4 (d) indicates that the adsorbents could selectively remove

the anionic dye OG from the mixture.
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Fig. 5-4 Optical photograph of the selective adsorption performance of PMSAE-TTDD and PMSAE-TAD
(@) of the mixture AR-MeB (b) of the mixture OG-MeB; UV-Vis spectra (c) of the mixture AR-MeB (d) of

the mixture OG-MeB before and after adsorption of PMSAE-TTDD and PMSAE-TAD.

There are abundant amides and ether (for PMSAE-TTDD) or imine (for PMSAE-TAD)

groups in the fibrous adsorbents. Because of the surface charges of PMSAE-TTDD and
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PMSAE-TAD, the adsorbents can be significantly affected by the pH of the solutions. These
effects on the adsorption capacities of fibrous adsorbents toward the anionic dye MB were
investigated. 40 mL of MB solutions (1 mg/mL) with different pH (3, 4, 6, 8, 9) were
prepared. 10 mg of adsorbents were added to each solution. After shaking at room
temperature for 4 h, the concentrations of the dye solutions were measured and the adsorption
capacities were calculated. The results are shown in Fig. 5-5. It can be seen that increasing the
pH resulted in a similar trend for both PMSAE-TTDD and PMSAE-TAD, namely that the
adsorption capacity did not show any obvious changes in the range from pH 3 to pH 6.

However, above pH 6, a significant decrease of the adsorption capacity was observed.
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Fig. 5-5 The effect of pH on the adsorption capacity of the adsorbents PMSAE-TTDD and PMSAE-TAD

toward MB.

5.1.3 Adsorption kinetics

The study of the adsorption kinetics provides information on the adsorption rate and

allows further exploration of the adsorption mechanism.™* In this study, pseudo-first-order
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and pseudo-second-order models were employed to analyze the adsorption data of MB onto
the fibrous adsorbents PMSAE-TTDD and PMSAE-TAD. To further investigate the rate-
controlling factor, intra-particle and liquid film diffusion models were also employed. The
linearized form of these models is as follows:

(1) Pseudo-first-order model

In(qe — q¢) = Inqe — kyt (5-1)
where g. (mg/g) and ¢; (mg/g) are the adsorption capacities of MB on the adsorbents at
equilibrium and time t (min), respectively; &, (min') is the rate constant of the pseudo-first-
order.
(2) Pseudo-second-order model

t__1 +t (5-2)
g k2q.%  qe

where k, (g/(mg min)) is the equilibrium rate constant of the pseudo-second-order.
(3) Intra-particle diffusion model

q: = kplfo'5 +C (5-3)

where C gives an idea about the thickness of the boundary layer, &, (g mg ' min ) is the
intra-particle diffusion rate constant.

(4) Liquid film diffusion model

po e (5-5)

de

where F' is the fractional achievement of equilibrium at time t, k¢q (min™) is the adsorption
rate constant.

The adsorption kinetics data and the fitting results are shown in Fig. 5-6 and Table 5-1.
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Fig. 5-6 (a) Effect of contact time on MB adsorption by PMSAE-TTDD and PMSAE-TAD. (b) Linear
fitting of pseudo-second-order Kinetics, (c) Intra-particle diffusion and (d) Liquid film diffusion kinetics for

adsorption of MB on PMSAE-TTDD and PMSAE-TAD.

It can be seen in Fig. 5-6 (a) that the adsorption of MB by PMSAE-TTDD and PMSAE-
TAD showed similar adsorption trends with time. First, the adsorption capacity increased
relatively fast during the initial stage within the first 50 minutes, then it slowed down and
finally it approached an equilibrium after 90 min. Fig. 5-6 (b) shows that the fitting plots of
the pseudo-second-order kinetic model exhibit a good linearity, which was also proven by the
higher value of R? (> 0.99) compared to that of the pseudo-first-order (see Table 5-1).
Meanwhile, the calculated g, of each fibrous adsorbent could also be better fitted to a pseudo-
second-order model, indicating that the adsorption process followed a pseudo-second order

kinetic model. This indicates that the rate-limiting step in the adsorption process may be
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chemical adsorption or chemical adsorption involving Van-der-Waals interactions between
adsorbent and adsorbate.™*

It can be seen in Fig. 5-6 (c) and (d) and Table 5-1 that before reaching equilibrium
(within 90 min), both the fitting plots of the intra-particle and liquid film diffusion models
exhibit good linearity, with all correlation coefficients higher than 0.97. The plots also did not

pass through the origin, indicating that the rate-limiting step might not be the only one but the

combination of intra-particle and liquid film diffusion.**?
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Table 5-1 Adsorption kinetic parameters obtained from kinetic models fitting to the experimental data.

ii;otg- ((r]rig;pg) Pseudo-first-order Pseudo-second-order Intra-particle diffusion L(licll%lldsggn
ky ger’ 2 K, qe?’ 2 K, 2 2
min)) g " (gmgmin) gy " (mg(gmin) R b R

PMSA

E- 1652.15 0.0505 1735.76 0.9453 0.65x10*  1666.67 0.9979 212.86 37.95 0.9755 0.0406 0.9914

TTDD

PMSA

E- 1585.25 0.0450 1711.46 0.9649 0.49x 107 1666.67 0.9974 191.54 2.38  0.9883 0.0388 0.9793

TAD

* ge.exp 18 €xperimental values
e1, 4eo are calculated values
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5.1.4 Adsorption isotherms

Adsorption isotherm studies provide information about the reaction behavior between
adsorbent and adsorbate. In this study, the adsorption results were analyzed to figure out
whether the adsorption processes followed the Langmuir, Freundlich or Dubinin—
Radushkevich (D-R) isotherm models. The basic hypothesis of the Langmuir model is that
adsorption takes place at specific homogeneous sites within the adsorbent.™* ™4 The
Freundlich model is based on the assumption that the adsorption takes place on a

"2 The D-R model is applied to explore whether the nature of the

heterogeneous surface.
adsorption mechanism is physical or chemical.'”® The linearized forms of these models are as
follows:

Langmuir equation:

Ce_ 1 G (5-6)

Ge  ImK.  dm

Freundlich equation:

1 5-7
Inq, = InKg +ElnCe -7

D-R equation:

Inq, = Inq,, — Be? (5-8)
where C, (mg/L) is the equilibrium MB concentration in solution; gmax (mg/g), the maximum
adsorption capacity of the adsorbent; K (L/mg), the Langmuir constant; K (1/g), the
Freundlich constant; 1/n gives information of the isotherm type: irreversible (1/n < 0),
desirable (0 < 1/n < 1), undesirable (1/n > 1); B (mol*/ kJ%), a constant related to the mean

free energy of adsorption; €, the Polanyi potential, which is equal to RT In(1 + (1/C,)) (R (kJ
mol™ K™) is the gas constant, T (K) is the temperature).

In addition,
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1 (5-9)
RL=—r—
1+K,C,

Based on the Langmuir model, Ry is the separation factor and provides information of the
adsorption process: unfavorable (Ry > 1), favorable (Ry < 1), linear (R = 1), or irreversible

(RL=0). C; (mg/L) is the highest initial MB concentration.

(5-10)

%”»—\
=N

Based on the D-R model, E (kJ/mol) is the free energy of transfer of 1 mol adsorbate from
solution to adsorbent surface. It provides information about the adsorption type: physical (E

< 8 kJ/mol) or chemical (8 kJ/mol < E < 16 kJ/mol).

Table 5-2 Adsorption isotherm parameters obtained from isotherm models fitting to the experimental data.

PMSAE-TTDD PMSAE-TAD
Langmuir
qm (Mg/g) 2000 2000
K. (L/mg) 0.0066 0.0052
R. 0.1316 0.1613
R? 0.9745 0.9873
Freundlich
Ke (1/g) 23.0255 13.1090
1/n 0.6873 0.7663
R* 0.8168 0.8236
D-R
Im (Mg/g) 1601.19 1518.84
B 2150.20 2921.30
E (kJ/mol) 0.0152 0.0131
R* 0.9939 0.9981
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It can be seen from Table 5-2 that for both the adsorption isotherm of MB on PMSAE-
TTDD and PMSAE-TAD, the D-R model fits the experimental data best in terms of the
highest correlation coefficient R?, while the Langmuir model fits second best.

For the D-R model, the values of E are lower than 8 kJ/mol, which means that the
adsorption process corresponds best with a physisorption, as expected. The calculated
maximum adsorption capacity of 1601 mg/g for PMSAE-TTDD and 1519 mg/g for PMSAE-
TAD, respectively, corresponded well with the experimental data in Fig. 5-6 (a) of 1652 mg/g
for PMSAE-TTDD and 1585 for PMSAE-TAD, respectively.

For the Langmuir model, the values of Ry <1 indicate that the adsorption process is

favorable and that a monolayer adsorption on a homogeneous adsorbent takes place.

5.1.5 Reusability of the adsorbents

For commercial feasibility, reusability is a vitally important factor. As the adsorption
process corresponds with a physisorption process, studies regarding a recyclability of the
adsorbents were conducted. For such recyclability experiments, fibrous adsorbents were
added into a MB solution. After shaking for 4 h, the adsorbents were removed from the MB
solution, transferred into a NaOH solution and shaken for 30 minutes to elute the adsorbed
dye. Subsequently, the adsorbents were washed with deionized water and ethanol several
times until the washing solutions became neutral. Then the fibers were dried in a vacuum
oven at 40 °C overnight for the next adsorption process. These adsorption-desorption
processes were carried out 5 times.

It can be seen from Fig. 5-7 that for the first three recycling steps, the adsorption capacity
showed a significant decline. This might be due to the remaining adsorbed MB dye stuck in
the network of the fibrous adsorbents. For the last 2 recycling steps, no obvious decline was
observed anymore. After 5 recycling steps, the adsorption capacity was still above 900 mg/g

for PMSAE-TTDD and 700 mg/g for PMSAE-TAD, respectively. This means the fibrous
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adsorbents can be reused, even though they tend to lose some of their adsorbent capacity in

the first cycles.
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Fig. 5-7 Recyclability of PMSAE-TTDD and PMSAE-TAD for the adsorption of MB.

5.1.6 Comparison with other adsorbents reported in the literature

In Table 5-3 the maximum MB adsorption capacity of the fibrous adsorbents developed in
this work is compared with various other adsorbents reported in the literature. It can be seen
that the maximum MB adsorption capacity of the fibrous adsorbents PMSAE-TTDD and
PMSAE-TAD is significantly higher than that of most reported adsorbents. Though
Elsherbiny et al. reported that Mt/IPS2 shows a super high adsorption capacity of 9.95
mmol/g (7958.01 mg/g)**® and Cheng et al. reported that macroscopic yttrium oxide aerogel
monoliths show an excellent adsorption capacity of 8080 mg/g*’ for MB, respectively, they
did not mention the reusability. Further, their reported preparation procedures are complicated
and reaction conditions are strict. However, in my study, simple electro-spinning is used to

prepare the precursor fibers. Additionally, the employed post-modification conditions to
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prepare the final fibrous adsorbents are mild. Yet, the achieved maximum adsorption capacity
is very high and reusability is possible. Moreover, the low cost of the starting materials makes

it more feasible for future industrial applications.
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Table 5-3 Comparison of adsorption capacities of MB by the adsorbents in this work with other reported
adsorbents.

Adsorbents Adsorption capacity (mg/g) Reference
Macroscopic yttrium oxide aerogel 117

; 8080
monoliths
Polyaspartate-montmorillonite
composite with quaternary phosphonium 7958.01 116
salt (Mt/IPS2)
PMSAE-TTDD 1652.15 This work
PMSAE-TAD 1585.25 This work
Y,0; functioned palygorskite (Y,O/Pal) 1579.06 118
Polyethylenimine modified cellulose 119
(PMC) aerogels 1333.04
Cationic charged hybrid 1290 120

nanofibrous membranes

Polydopamine-coated electrospun
poly(vinyl alcohol)/poly(acrylic 1147.60 3
acid) membranes (PVA/PAA@PDA)

Multiple hierarchical structures (MHS) 480 121
Poly(ionic liquid) of poly(3-ethyl-1-

vinylimidazolium 476.20 122
bis(trifluoromethanesulfonyl)imide) ‘

(PVI-TFSI)

Ammonium functionalized hollow 449 123
polymer particles (HPP-NH3")

Yolk-shell structured Si/SIC@C@TiO2 368 124
nanocomposites

Graphene oxide (GO) 357.14 12
Boron nitride (BN) fibrous nanonets 327.80 126
B-cyclodextrin/poly(acrylic 24799 127
acid)/graphene oxide nanocomposites '

Magnetite/carbon adsorbents <200 128
Mussel-inspired materials 170 129
(FesO,@PDA/PEI)

Konjacglucomannan/graphene oxide 9230 130
hydrogel (KGM/GO) '

Surface fluorinated ZnO 48.54 131
Porous hollow g-Al203 nanofibers 23.10 132
Amino functionalized corn stalk (CS) 8.75 133

cellulose membrane (ACM)
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5.1.7 Mechanism exploration

For PMSAE-TTDD, abundant primary amine and ether groups exist on the surface of the
fibrous adsorbent. In particular, the electron lone pair of nitrogen of the primary amine group
can easily be positively charged under acidic conditions, resulting in ammonium groups. As a
consequence, the anionic dye MB can be adsorbed to the fibrous adsorbent via electrostatic
attraction. Moreover, the morphology of the adsorbent is based on fibers with a diameter of 1-
2 um and a high porosity, which significantly increases the specific surface area of the
adsorbent. This can explain the extremely high adsorption capacity for the anionic dye MB.
Under alkaline conditions, the surface of the fibrous adsorbent is neutral to negatively charged,
resulting in a desorption due to the electrostatic repulsion between the anionic dye MB and
the fibrous adsorbent. A similar adsorption-desorption mechanism was proposed for PMSAE-
TAD. The difference in the case of PMSAE-TAD is that the functional and effective groups
are primary and secondary amines.

This mechanism also explains why the increase of the pH of the anionic dye MB solution
resulted in a decreased adsorption capacity. With the increase of the pH of the MB solution
from 3 to 9, the positively charged surface of the fibrous adsorbent gradually became
negatively charged and the electrostatic repulsion between the anionic dye MB and the neutral
to negatively charged fibrous adsorbent caused the decrease of the adsorption capacity. This
further indicates that the adsorption process of MB onto the fibrous adsorbents is the result of
electrostatic interactions, which is in agreement with the small E value obtained for the
adsorption isotherms (Section 5.1.4) indicating that it is physisorption. As physisorption

processes are usually reversible, the fibrous adsorbents showed a good recyclability.
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5.1.8 Conclusions

In conclusion, two new fibrous adsorbents PMSAE-TTDD and PMSAE-TAD which are
based on polymeric salicyl active ester were developed by employing the electrospinning
technique and via post-modification. The newly developed fibrous adsorbents showed an
extremely high adsorption capacity toward MB (PMSAE-TTDD: 1652 mg/g; PMSAE-TAD:
1585 mg/g), a good selective adsorption capacity of anionic dyes from cationic dyes and they
can be recycled at least 5 times. The adsorption mechanism of the fibrous adsorbents towards
organic dyes is based on electrostatic interactions between the surface of the fibrous
adsorbents and organic dyes. The simple and mild synthesis process, the excellent
performance, and cost-efficiency, further, the good recyclability indicates that the newly
developed fibrous adsorbents are promising for application in water treatment as they

outperform many other adsorbents.
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5.2 Preparation, characterization and adsorption performance study of

PMAM-based fibrous adsorbents

This chapter is partially adapted from a submitted study.™**

In the above chapter 5.1, | presented the fibrous adsorbents, which combined the
advantages of polymer-based adsorbents, post-polymerization modification, polymeric active
esters and electro-spun fibers. And the developed low cost fibrous adsorbents showed
excellent dye adsorption performance and selective adsorption of anionic dye from the
mixture of cationic dye and anionic dye. However, the necessary chemicals used for post-
modification should provide the desirable groups for adsorption and should act as crosslinker
in order to preserve the fiber morphology as well. Such requirements limit the versatile
application of electro-spun fibrous membrane precursors.

In this chapter, the diversity of the post-modification process was increased by using
polymer blends instead of the homogeneous polymer PMSAE for electrospinning. Polymer
blends are composed of a hydrophobic poly(methyl methacrylate) (PMMA) with good
mechanical properties, the photo-crosslinker poly(4-acryloyloxybenzophenone) (PABP) and
PMSAE. PMMA was chosen because of the following outstanding properties: (a) the ability

to keep its stability under UV-irradiation;"*

(b) being easily dissolvable in dimethyl
formamide (DMF) and tetrahydrofuran (THF) both of which were used as the electro-
spinning solvents in this work;** (c) having a good stability in ethanol**®> which was used as
the post-modification solvent in this work; (d) PMMA with high molecular weight improves

the morphology of electro-spun fibers;**®

(e) PMMA is commercially available. PABP was
chosen because of the higher chemoselectivity compared to other photo-reactive groups as
mentioned in section 3.5.

The polymer blends (PMSAE, PABP, PMMA) can result in the new fibrous membranes

PMAM via electrospinning. After a simple post-modification procedure under mild reaction
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conditions, two different types of fibrous adsorbents can be obtained. Their adsorption
performance for various anionic and cationic dyes, the selective adsorption property and the
effect of the solution pH on the adsorption capacity is then investigated. Also adsorption
kinetics and isotherms are studied to explore the adsorption mechanisms.

5.2.1 Characterizations of the fibrous membrane precursor PMAM and of the
fibrous adsorbents

Building on the above work in chapter 5.1 which combining the advantages of polymer-
based adsorbents, active esters and electro-spun fibers, the current study targets a
simplification by blending polymers to obtain reactive polymeric adsorbents by taking
advantage of PMMA and the photo crosslinker PABP. For this, PMSAE, PABP and PMMA
have been electro-spun to the fibrous membranes PMAM. The fibrous membranes PMAM
were further post-modified with TTDD or (£)-3-amino-1,2-propanediol (APD) under simple
and mild reaction conditions, yet maintaining the fiber morphology. The final products were
two different types of fibrous adsorbents: PMAM-TTDD and PMAM-APD.

The morphologies of the original fibrous membrane precursor PMAM and the fibrous
adsorbents PMAM-TTDD and PMAM-APD are shown in Fig. 5-8 (a-c). It can be seen that
they have similar morphologies: the surfaces are smooth, uniform and most of the fiber
diameters remain between 1-2 pum. There is one difference, however, namely that PMAM-
APD fibers are bent and not straight like those of PMAM-TTDD.

FTIR spectra were used to determine the conversion of the post-modification process. Fig.
5-8 (d) shows the FTIR results of the original fibrous membrane PMAM before post-
modification and of the fibrous adsorbents PMAM-TTDD and PMAM-APD after post-
modification. For the original fibrous membrane PMAM, the bands at 1754 cm™ and 1722
cm™ correspond to the C=0 stretch of methyl salicylate ester and the C=0 stretch of methyl
ester, respectively.’ The bands at 1599 cm™ and 1657 cm™ are attributed to the C=C

resonance vibrations in the aromatic ring of the methyl salicylate group and of the
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benzophenones, respectively. The disappearance of the characteristic bands at 1754 cm™ and
1722 cm™, and the appearance of the new bands at 1643cm™ (C=0 stretching) and 1540 cm™
(C-N bending) as well as the broad band at around 3284 cm™ (N-H stretching of amide)
confirm the successful post-modification of the fibrous membrane PMAM with TTDD and
APD via aminolysis. The broad band at 3284 cm™ of PMAM-APD is stronger than that of

PMAM-TTDD due to the OH stretch of APD.
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Fig. 5-8 SEM images of (a) the original fibrous membrane PMAM, (b) the fibrous adsorbent PMAM-
TTDD and (c) the fibrous adsorbent PMAM-APD. The inserts show the high resolution SEM images. (d)

IR spectra of PMAM before and after post-modification with TTDD and APD.
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5.2.2 Adsorption performance of the fibrous adsorbents for different dyes

The adsorption capacities of the fibrous adsorbents PMAM-TTDD and PMAM-APD
toward organic dyes were tested with five different dyes (Fig. 5-2): two cationic dyes (MeB
and CV) and three anionic dyes (AR, OG and MB). For PMAM-TTDD, 10 mg of the
adsorbents were dipped into 40 mL 1 mg/mL dye solutions. For PMAM-APD, 10 mg of the
adsorbents were dipped into 10 mL 1 mg/mL dye solutions. After shaking at 240 RPM at
ambient temperature for 4 h, the concentrations of dye solutions after adsorption were
measured and the adsorption capacities were calculated.

The corresponding results are shown in Fig. 5-9. It can be seen that PMAM-TTDD
features high adsorption capacities for anionic dyes in general and for MB in particular (as
high as 1545 mg/g). But for cationic dyes, the adsorption capacities were less than 160 mg/g.
Compared with the results in the above section 5.1.2, where the adsorption capacity of
PMSAE-TTDD (TTDD modified homogeneous fibrous membrane PMSAE) towards MB was
1652 mg/g, PMAM-TTDD shows only a slight decrease of the adsorption capacity, resulting
from the addition of PMMA and the photo-crosslinker PABP to the fibrous membrane
precursor.

In contrast, PMAM-APD shows the opposite trend: it has a high adsorption capacity for
cationic dyes (above 340 mg/g) but no adsorption of anionic dyes could be observed.
Especially for the cationic dye CV, the adsorption capacity was 577 mg/g, which is much
higher than any reported value in the literaure.®* 3 The results indicate that the newly
developed fibrous membrane precursors can be post-modified with functional groups that bear
the specific functional groups without the necessity of a crosslinker. Consequently, the

diversity of the post-modification process could be increased.
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Fig. 5-9 Adsorption capacity of different dyes on the fibrous adsorbents PMAM-TTDD and PMSAE-APD.

Dye concentration: 1000 mg/L, adsorbent dosage: 10 mg.

5.2.3 Selective adsorption performance of the fibrous adsorbents

Based on the result of the above section 5.2.2, a hypothesis was put forward: the fibrous
adsorbent PMAM-TTDD could selectively adsorb anionic dyes and the fibrous adsorbent
PMAM-APD could selectively adsorb cationic dyes. This hypothesis is verified by the
following experiments.

To verify whether PMAM-TTDD is able to selectively adsorb anionic dyes, mixed anionic
and cationic dye solutions of OG + CV, OG + MeB and AR + MeB with a mass ratio of 5:1
were prepared. The fibrous adsorbents PMAM-TTDD were dipped into each mixture. After
shaking at room temperature for 4 h, the adsorbents were pulled out as free-standing
membranes. UV-Vis spectra were measured of each mixed dye solution before and after

adsorption. The corresponding results are shown in Fig. 5-10 (a-f). It can already be seen from
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the optical photographs of Fig. 5-10 (a-c) that the anionic dyes OG and AR were selectively
adsorbed from the mixed dye solutions. The corresponding UV-Vis spectra of the solutions in
Fig. 5-10 (d-f) further verified the selective anionic dye adsorption ability of PMAM-TTDD.
The characteristic peaks of the anionic dye OG between 470-500 nm and of the anionic dye
AR at 515 nm disappeared after the adsorption process. And the characteristic peaks of the
cationic dye CV at 590 nm and of the cationic dye MeB between 660-665 nm remained. In
Fig. 5-10 (e) and (f) the characteristic peak of the dye MeB before adsorption was lower than
after adsorption, which might be due to the interaction between the cationic dye with the
anionic dye in the mixed solution.

To verify whether PMAM-APD is able to selectively adsorb cationic dyes, mixed anionic
and cationic dye solutions of OG+CV, AR+CV and AR+MeB with a mass ratio of 1:1 were
prepared. The subsequent procedure was the same as for PMAM-TTDD above. The
corresponding results shown in Fig. 5-10 (g-l) indicated that PMAM-APD can selectively

adsorb cationic dyes from a solution of mixed dyes.
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Fig. 5-10 Optical photograph of the selective adsorption performance of PMAM-TTDD (a) of the mixture
OG+CV (b) of the mixture OG+MeB (c) of the mixture AR-MeB; UV-Vis spectra (d) of the mixture
OG+CV (e) of the mixture OG+MeB (f) of the mixture AR+MeB before and after adsorption of PMAM-
TTDD; digital image of the selective adsorption performance of PMAM-APD (g) of the mixture OG+CV
(h) of the mixture AR+CV (i) of the mixture AR+MeB; UV-Vis spectra (j) of the mixture OG+CV (k) of

the mixture AR+CV (I) of the mixture AR+MeB before and after adsorption of PMAM-APD.

5.2.4 The effect of pH on the adsorption performance of the fibrous adsorbents

The surface charges of the fibrous adsorbents PMAM-TTDD and PMAM-APD can be
significantly affected by the pH of the dye solutions. The reason for that were abundant
amines, amides, ether (for PMAM-TTDD) and hydroxyl (for PMAM-APD) functional groups
on the surface of the fibrous adsorbents. The following experiments were carried out to
investigate these effects.

For PMAM-TTDD, 40 mL 1 mg/mL of MB solutions with different pH (3, 4, 6, 8, 9) were

prepared. 10 mg of the adsorbents were dipped into each solution. After shaking at room
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temperature for 4 h, the concentration of the dye solutions was measured by an UV-Vis
spectrophotometer. For PMAM-APD, 10 mL 1 mg/mL of CV solutions with different pH (3,
4, 6, 8, 9) were prepared. The subsequent procedure was the same as for PMAM-TTDD.
Considering that the highest adsorption capacity of PMAM-TTDD and PMAM-APD was
observed for the anionic dye MB and the cationic dye CV, respectively, MB and CV were
chosen as model dyes for these experiments and also for the following sections, 5.2.5
“Adsorption kinetics” and 5.2.6 “Adsorption isotherm”, to investigate the adsorption
mechanisms.

The corresponding results are shown in Fig. 5-11. It can be seen that for PMAM-TTDD,
the adsorption capacity increased significantly in the range from pH 3 to pH 4. The adsorption
capacity reached its maximum at pH 4 and decreased with a further increase of pH. For
PMAM-APD, the adsorption capacity increased with the increase of pH from 3 to 6. During
the range from pH 3 to pH 4, a significant increase of the adsorption capacity was observed.
At pH 6, the adsorption capacity reached its maximum. Then afterwards, a slight decrease of

the adsorption capacity was observed with further increasing the pH.
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Fig. 5-11 The effect of the solution pH on the adsorption capacity of the fibrous adsorbent PMAM-TTDD

toward MB and of PMAM-APD toward CV.

5.2.5 Adsorption kinetics

The study of adsorption kinetics provides information on the adsorption rate and allows
further exploration of the adsorption mechanism.*** The corresponding experimental data
was analyzed with the pseudo-first-order, pseudo-second-order, intra-particle and liquid film
diffusion models. The detailed introduction of the models can be found in above section 5.1.3.

The corresponding experimental data and fitting results are shown in Fig. 5-12 and Table 5-4.
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Fig. 5-12 (a) Effect of contact time on MB adsorption by PMAM-TTDD and on CV adsorption by PMAM-
APD. Linear fitting of (b) pseudo-second-order kinetics for the whole adsorption process, (c) Intra-particle
diffusion before reaching equilibrium and (d) Liquid film diffusion Kinetics before reaching equilibrium for

adsorption of MB on PMAM-TTDD and CV on PMAM-APD.

From Fig. 5-12 (a) we can see that for PMAM-TTDD toward MB adsorption, the
adsorption capacity increased fast and reached an equilibrium within 30 min. For PMAM-
APD toward CV adsorption, the adsorption capacity increased relatively fast during the first
15 min, then slowed down and finally reached equilibrium after 40 min.

Fig. 5-12 (b) shows that the linear fitting plots agree with the pseudo-second-order kinetics
for both PMAM-TTDD toward MB and PMAM-APD toward CV adsorption during the
whole adsorption process. Moreover, in Table 5-4, the values of R? of the pseudo-second-

order kinetics were higher than 0.99 but of the pseudo-first-order kinetics they were lower
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than 0.2. Additionally, the calculated g, of both adsorbents of the pseudo-second-order
kinetics corresponded well with the experimental g,. These results indicate that the adsorption
process of both PMAM-TTDD and PMAM-APD follows a pseudo-second-order Kinetic
model. This means that chemical adsorption or chemical adsorption involving Van-der-Waals
interactions might take place between adsorbent and adsorbate.™*

Fig. 5-12 (c) and (d) show the linear fitting of the experimental data before reaching
equilibrium for adsorption of MB on PMAM-TTDD (within 15 min) and CV on PMAM-APD
(within 30 min) using the intra-particle diffusion and liquid film diffusion kinetic models. The
corresponding values of R? in Table 5-4 are above 0.96, which indicates a good fitting. This
means that during the adsorption process, the transfer of solute MB or CV was the result of
the combination of surface adsorption and intra-fiber diffusion.™? It can be seen in Fig. 5-12
(c) that the plots did not pass through the origin, meaning that the intra-fiber diffusion was not
the rate-limiting step. Although the plots in Fig. 5-12 (d) did not exactly pass through the

origin, the intercepts were small, indicating that surface adsorption might be the rate-limiting

step during the adsorption process.
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Table 5-4 Adsorption kinetic parameters obtained from kinetic models fitting to the experimental data.

1?;;2: ((r]rig;];g) Pseudo-first-order Pseudo-second-order Intra-particle diffusion Lé?gjdslfggn
ky ger’ 2 K, qe?’ 2 K, 2 2
min)) g " (gmgmin) gy ' (mg(gmin) R R

PMA

M- 1550.38 - - 0.1028 1.23x 107 1428.57  0.9994 396.67 22.81 0.9793 0.2194 0.9767

TTDD

PMA

M- 588.15 - - 0.1539 7.81x10™ 588.24  0.9996 69.89 183. 83 0.9899 0.0969  0.9638

APD

* ge.exp 1S €xperimental values
ge1, ge2 are calculated values
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5.2.6 Adsorption isotherms

The adsorption isotherms studies provide information about the reaction behavior between
adsorbent and adsorbate. For PMAM-TTDD, batch adsorption isotherm experiments were
recorded using 50 mL conical flasks containing 40 mL MB dyes with different concentrations
(200, 400, 600, 800 and 1000 mg L™) and 10 mg adsorbents. After shaking at 240 RPM at
ambient temperature for 4 h (predetermined) equilibrium was reached. The concentration of
dyes solution after adsorption was measured and the adsorption capacities of the adsorbents
were calculated. For PMAM-APD, batch adsorption isotherm experiments were carried out in
20 mL vials containing 10 mL CV dyes with different concentrations (200, 400, 600, 800 and
1000 mg L™) and 10 mg adsorbents. The subsequent procedure was the same as for PMAM-
TTDD.

The corresponding experimental data were analyzed with the Langmuir, Freundlich and
Dubinin—Radushkevich (D-R) isotherm models. The detailed introduction of these models
can be found in the above section 5.1.4. The corresponding fitting results are shown in Table

5-5.
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Table 5-5 Adsorption isotherm parameters obtained from isotherm models fitting to the experimental data

PMAM-TTDD PMAM-APD
Langmuir
qm (Mg/g) 1566.67 .
Ki(L/mg) 0.0490 .
R. 0.0200 -
R? 0.9996 0.8301
Freundlich
Ke (1/g) 772.63 0.0880
1/n 0.1136 1.5778
R? 0.8852 0.9813
D-R
Om (Mg/g) 1542.56 732.16
i 239.93 3807.70
E (kJ/mol) 0.0460 0.0110
R? 0.9755 0.9338

It can be seen in Table 5-5 that for the adsorption isotherm of PMAM-TTDD toward MB,
the Langmuir model fitted the experimental data best considering the highest correlation
coefficient R* while the D-R model fitted second best. The Freundlich model did not fit the
experimental data as R* was lower than 0.9. The adsorption process followed the Langmuir
model indicating the monolayer adsorption for MB on the fibrous adsorbent. In addition, the
value of Ry <1 indicated that the adsorption process is favorable. For the D-R model, the
calculated maximum adsorption capacity of 1542.56 mg/g corresponded well with the
experimental data from the section 5.2.5 with a value of 1545 mg/g. And the value of E was
lower than 8 kJ/mol, indicating that the adsorption process is driven by physisorption.

For the adsorption isotherm of PMAM-APD toward CV, the Freundlich model fitted the

experimental data best and the D-R model fitted second best considering the values of the
62



RESULTS AND DISCUSSION

correlation coefficient R%. The Langmuir model did not fit the experimental data as R* is
lower than 0.84. The Freundlich isotherm describes the adsorption process taking place on a
heterogeneous surface through a multilayer adsorption mechanism. It can be seen in Table 5-5
that 1/n > 1, which indicates that the adsorption isotherm was undesirable. For the D-R model,
the value of E was lower than 8 kJ/mol indicating that the adsorption process might be

physisorption.

5.2.7 Investigation of the Mechanism

Various adsorption mechanisms were reported including electrostatic attractions,
hydrogen bonding interaction, hydrophobic reaction, - stacking interaction, rapid diffusion
ion exchange, chemical surface complexation, Van-der-Waals forces, and Lewis acid-Lewis
base interaction, 4043

The adsorption mechanism for PMAM-TTDD toward the adsorption of the anionic dye
MB is similar to that of PMSAE-TTDD presented in the above section 5.1.7 as they occupy
the same functional groups primary amine and ether groups. The difference is the addition of
PMMA and the photo-crosslinker PABP which resulted in a decrease of the efficient
functional groups. Therefore, the maximum adsorption capacity (1545 mg/qg) is slightly lower
as compared to the previous work (1652 mg/g). However, the advantages of adding PMMA
and PABP far outweigh the disadvantages. Their addition has a twofold advantage. On the
one hand, the adsorption equilibrium time significantly decreased from 90 min in the above
chapter 5.1 to just 30 min in this study (Fig. 5-12 (a)). On the other hand, the addition of
PMMA and PABP resulted in a higher diversity of the post-modification process. In this
study it was for example possible to post-modify the fibrous membrane using APD in this

study. Otherwise, the fibrous membrane would not be able to keep the perfect morphology of

fibers after post-modification.
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For PMAM-APD toward the adsorption of the cationic dye CV, abundant amides,
hydroxyl, ester and carbonyl groups are on the surface of the fibrous adsorbent. Under acidic
conditions, amides, ester and carbonyl groups are favorable for cationic dye adsorption due to
the existence of the electron lone pair of oxygen atoms or nitrogen atoms. However, hydroxyl
groups are easily protonised due to the existence of the electron lone pair of oxygen atoms
which is adverse to the cationic dye adsorption. But with the increase of pH, the protonation
decreases. This reduces the electrostatic repel, which in turn increases the adsorption capacity
of cationic dye. This can well explain the increase of the adsorption capacity of the cationic
dye CV with the increase of pH from 3 to 6 as shown in Fig. 5-11. Upon further increase of
pH, the surface of the fibrous adsorbent is electronegative. The cationic dye can be adsorbed
by electrostatic interaction with the adsorbent. However, the fact that the adsorption capacity
of PMAM-APD towards CV is much lower than that of PMAM-TTDD towards MB might be
due to the change of the morphology after post-modification. Fig. 5-8 (c) shows that the fibers
are bent and have the preference to stick together, thus decreasing the porosity of the fibrous
adsorbent. This caused a decrease of the specific surface area, which consequently resulted in
a decrease of active adsorption sites. In addition, the surface of PMAM-APD is more
hydrophilic than PMAM-TTDD because of the existence of hydroxyl groups. This could also
be attributed to the lower adsorption capacity. As the adsorption mechanism of the fibrous
adsorbents towards organic dyes is based on electrostatic interactions between the surface of
the fibrous adsorbents and the organic dyes, the adsorption process is physisorption. This
corresponds well with the result in above section 5.2.6 that the adsorption isotherm data fitted

D-R model.
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5.2.8 Conclusions

The addition of PMMA and PABP to the homogeneous fibrous membrane precursor
PMSAE improves the diversity of the post-modification process and can therefore result in
various functional fibrous adsorbents. The newly developed fibrous adsorbent PMAM-TTDD
shows a high adsorption capacity of 1545 mg/g towards MB and a good selective adsorption
capacity of anionic dyes from cationic dyes. PMAM-APD shows a good adsorption capacity
of 577 mg/g towards CV and a good selective adsorption capacity of cationic dyes from
anionic dyes. The adsorption mechanism of the fibrous adsorbents towards organic dyes is
based on electrostatic interactions between the surface of the fibrous adsorbents and the
organic dyes. Considering their simple and cost-efficient development process and their
excellent performance, the fibrous adsorbents should be further investigated and have the

promising potential for a versatile application in the field of water treatment.
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5.3 A universal surface post-modification method based on active ester

functional benzophenone

In this section, | present a versatile post-functionalization method for surface modification
that combines the advantages of an active ester and a photo-reactive group. Numerous studies
have been published regarding the combination of active ester polymers with photo-reactive
polymers, but to the best of our knowledge, combining a small molecule active ester with a
photo-reactive group and the application of this compound for the modification of material
surfaces has never been investigated. In this study, the active ester PFP is combined with the
photo-reactive group benzophenone, resulting in benzoic acid, 4-benzoyl-,2,3,4,5,6-
pentafluorophenyl ester (BBPE). Its application on various substrates especially on inert
polyolefins, creating chemical patterns in different scales and the changing of surface
properties are investigated. The unique advantage of the small molecule modification

compound is explored.
5.3.1 Synthesis and characterization of active ester BBPE

BBPE was synthesized for the first time via Steglich esterification reaction. Vooturi and
coworkers reported the synthesis of a similar compound using pentafluorophenyl
trifluoroacetate as one of the reactants.*** In this study, PFP is used instead. This method has
two advantages: 1) the reactant PFP is much cheaper (as provided by Sigma-Aldrich, the price
of pentafluorophenyl trifluoroacetate is 59.90 € per 5 g, that of PFP is 25.80 € per 5 g); 2) the
reaction conditions are mild.

The synthesis is shown in Scheme 5-2. The detailed synthesis procedure can be found in
Chapter 7 experimental part. NMR and FTIR spectra were used to confirm the successful
synthesis of BBPE and the characterization result is shown in Fig. 5-13. It can be seen in Fig.

5-13 (A) that the *H NMR spectra of BBPE correspond well with the molecule structure. Fig.
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5-13 (B) shows the FTIR results. The bands at 1757 cm™ and 1728 cm™ correspond to the
C=0 stretch of ester. The band at 1659 cm™ corresponds to the C=0 stretch of benzophenone
group. The band at 1515 cm™ corresponds to the benzene ring of pentafluorophenyl group.

The **C NMR and **F NMR spectra of BBPE can be found in the supporting information in

Chapter 9.
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Scheme 5-2 Synthesis of active ester BBPE via the Steglich esterification reaction.
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Fig. 5-13 (A) 'H NMR spectra of BBPE in CDCls. (B) IR spectra of BBPE.

5.3.2 Application of this surface modification method

The modification procedure of substrates with the active ester BBPE is shown in Scheme
5-3. The active esters BBPE were dissolved in DCM and covered on a substrate by spin
coating (2000 r/min). After ultraviolet (UV) irradiation (lamp 18 W, 320-420 nm), an n-* or
n-m* transition within benzophenone groups would take place to form a biradical.**
Subsequently, the biradical would react with nearby aliphatic CH groups to form a C-C bond
through a H-abstraction/recombination mechanism.**> Thus, the coating of the active ester
BBPE was attached to the substrate. The unattached active esters could be washed away with
DCM. Afterwards, desired functional groups could be attached through further surface-

analogous reaction in simple and mild reaction.
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uv

L

BBPE spincoating

Scheme 5-3 Illustration of modification procedure of organic surfaces with the active ester BBPE.

5.3.2.1 Modification of chemically inert polyolefins surfaces

Polyolefins are known for their outstanding chemical resistance and broad-ranging
mechanical properties. They have various applications including food packaging, rubbish
disposal bags, ultra-high strength fibers and automobile bumpers.**® However, containing
only sp* hybridized carbons in their structure, they are hard to be functionalized. Thus,
chemical conversion of these plastics into value-added materials is severely limited.*°
Nevertheless, the surface modification method in this work is an efficient tool to modify
chemically inert polyolefins.

Polyethylene (PE) and polypropylene (PP) are the most familiar and commercially
produced polyolefins.**® In this work, PE and PP films from Nowofol and a porous PP
membrane lithium battery separator are modified. Detailed information on these three

substrates is shown in Table 5-6. For the experiment they are cut into circle samples with a

diameter of 16 mm.
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Table 5-6 Substrates used for modification with the active ester BBPE.

Name Thickness (um) Porosity (%) Company

Nowofol®
Nowocast HD PE 100 - Kunststoffprodukte
GmbH & Co. KG

Nowofol®
Nowocast HM PP 100 - Kunststoffprodukte
. GmbH & Co. KG
Celgard™ 2400 lithium o5 a1 Celgard

battery separator

At first, these three substrates were grafted with the active esters BBPE. As these three
substrates are hydrophobic, in the next post-modification step, the hydrophilic chemical
ethanolamine (ETA) was used to check the change of the wetting property of the surfaces.
FTIR spectroscopy and contact angle (CA) measurements were performed to confirm the
success of these two modification steps. The FTIR results are shown in Fig. 5-14. It can be
seen in Fig. 5-14 (a)-(c) that after the first modification step, there is an appearance of the
characteristic bands at 1765.10 cm™ (corresponding to the C=0 stretch of pentafluorophenyl
ester) and at 1521.34 cm™ (corresponding to the C=C resonance vibrations in the aromatic
ring of pentafluorophenyl). This confirms the successful grafting of the active ester BBPE
coating to the three substrates. It is obvious that the characteristic bands in Fig. 5-14 (b) and (c)
are stronger than those in Fig. 5-14 (a). This could be explained by the more active tertiary C-
H bonds (i.e., lower bond strength) of PP as opposed to the secondary C-H bonds of PE,**
with the first ones being more favorable for the hydrogen abstraction by benzophenone
radicals. It can be seen in Fig.5-14 (a)-(c) that after the second modification step with ETA,
the characteristic bands at 1765.10 cm™ and at 1521.34 cm™ disappear and the new bands at
1636.11 cm™ (C=0 stretching) and at 1550.05 cm™ (C-N bending) appear, indicating the

successful post-modification of the three substrates with ETA via aminolysis.
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Fig. 5-14 IR spectra of different substrates, after being grafted with BBPE and after being further post-

modified with ETA. (a) PE (b) PP (c) Lithium battery separator.

Static and dynamic CA of PE and PP were measured, after being grafted with the active
esters BBPE and after being further post-modified with ETA. The results are shown in Table
5-7. It can be observed that the static contact angles of both PE and PP decreased after the two
-step modification. Especially after being post-modified with ETA, the hydrophobic surfaces
became hydrophilic. For the dynamic CA, the CA hysteresis (the difference between the
advancing angle and the receding angle) increased significantly after the modification,
indicating an increase of the surface roughness. Based on Wenzel’s hydrophobicity mode, an

increase of the surface roughness increases the contact interface area, resulting in an increase

of the CA hysteresis.*" 148
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Table 5-7 Static, advancing and receding CA of PE and PP, after being grafted with BBPE and after being

further post-modified with ETA.

Static CA (°) Advancing CA (°)  Receding CA (°) CA hysteresis (°)

PE 93.1+0.2 105.0+0.5 73.1+1.3 319
PE grafted with
81.5+0.3 85.5+1.8 21.1+2.5 64.4
BBPE
PE post-modified
66.7+2.0 76.2+1.5 12.442.1 63.8
with ETA
PP 101.4+0.8 104.7+1.0 75.1+1.5 29.6
PP grafted with
87.7+1.0 101.3+2.3 29.041.2 72.3
BBPE
PP post-modified
73.4+1.3 76.712.0 14.5+0.9 62.2

with ETA

The morphology of the lithium battery separator before and after each modification step is
recorded by SEM. As shown in Fig. 5-15, no obvious change is observed of the morphology
and porosity, indicating that the property of the separator can be changed with no effect on the
morphology due to the small size of the active ester. This modification method provides a
new way for battery separator modification. Compared to the traditional polymer grafting

post-modification method, this method has a lower probability of a porosity block.
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Fig. 5-15 SEM images of (a) original lithium battery separator (b) separator being grafted with BBPE (c)

separator being further post-modified with ETA.

5.3.2.2 Control of grafting density

The graft density of active esters BBPE on the substrates can be controlled by the coating
times. The corresponding results are shown in Fig. 5-16. A PP film was chosen as the model
substrate as it is much easier to be post-modified compared to PE (see the above section
5.3.2.1). IR spectra were recorded as the function of coating times. It can be seen clearly in
Fig. 5-16 (a) that the characteristic bands of active ester BBPE at 1765.10 cm™
(corresponding to the C=O stretch of pentafluorophenyl ester) and 1521.34 cm™
(corresponding to the C=C resonance vibrations in the aromatic ring of pentafluorophenyl) are
increasing dramatically with the increase of the coating times. The intensity of PFP groups of
BBPE from IR spectra (correspond to 1521.34 cm™) is plotted as the function of BBPE
coating times and is shown in Fig. 5-16 (b). It can be seen that the intensity of PFP groups is
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increasing dramatically with the increase of the coating times. After coating 4 times, the
intensity increased more than 5 times, indicating that the graft density of active esters BBPE
on the substrates can be efficiently controlled by the coating times. After coating 4 times, the
second post-modification with ETA was carried out. It can be seen in Fig. 5-16 (a) that the
static CA decreased from 101.4° of the original PP film to 25.3° of the post-modified PP film,
indicating that the surface changed from hydrophobic to hydrophilic. The surface roughness
of the original PP film, the PP film after coating four times with active ester BBPE and the PP
film further post-modified with ETA were recorded with atomic force microscopy (AFM) and
the root mean square (RMS) roughness was calculated. It can be seen in Fig. 5-16 (c) that the
RMS roughness increased from 55 nm of the original PP film to 82 nm after coating 4 times
with the active ester BBPE. And a slight decrease to 77 nm after being post-modified with
ETA was observed. This result is consistent with the CA hysteresis result in the above section
5.3.2.1 which showed that the CA hysteresis increased significantly after grafting with active
ester BBPE, followed by a slight decrease after being post-modified with ETA. The graft
density of active ester BBPE on the PP film after coating 4 times is calculated. The weight of
the PP film before and after coating 4 times was recorded. The graft density is 0.00597

mg/mm?, calculated by dividing the weight difference by the PP film area.
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Fig. 5-16 (a) IR spectra of PP film as the function of coating times, the change of static CA. (b) Intensity of
PFP groups of BBPE from IR spectra as the function of BBPE coating times. (c¢) AFM images from 10 x 10
um? surface sections and the measured surface roughness of original PP film, PP film being grafted with

BBPE and PP film being post-modified with ETA.
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5.3.2.3 Surface chemical patterns generation using UV-lithography

This surface post-modification method can easily fabricate patterns of various kinds and
scales on the substrate surface through a simple control of the UV-irradiation area by using a
photomask. The illustration of this procedure is shown in Scheme 5-4. The active esters
BBPE were covered on the PP substrate homogeneously by spin coating. The patterned
surface can be obtained by masking the UV-irradiation. The non-irradiated active esters can
be washed away with DCM. After being further post-modified with the fluorescent dye NBD-
ethylenediamine, the surface patterns can be observed under a UV-lamp (large-scale pattern)
or by fluorescence optical microscopy (microscale pattern). To observe the patterns clearly,
the excitation and emission spectra of the fluorescent dye NBD-ethylenediamine were

measured and the result is shown in Fig. 5-17.

Spin Coating UV Illumination

—-

Removing
unattached
BBPE

3‘ ¢ \ :I‘:Jsdtification
» —
o) P

Scheme 5-4 Illustration of surface chemical pattern procedure.
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Fig. 5-17 Fluorescence spectra of NBD-ethylenediamine (ethanol as solvent) (a) Excitation spectra. (b)

Emission spectra.

This surface post-modification method can produce patterns on a large-scale surface. Fig.
5-18 (a) and (b) show two large-scale patterns with the shape of a circle and a cat. And Fig. 5-
18 (c) shows a more complicated pattern of the logo of Karlsruhe Institute of Technology
(KIT). The photomasks used to produce the patterns were aluminium films with the desired
patterns, as they are able to stop UV-light from passing through the covered area, thus
producing the shown patterns. In addition to large-scale patterns, this method is able to
fabricate patterns in microscale as well. Miniaturizing patterns down to microscale is of vital
importance. For example, in the field of biology, it could improve the sensitivity in biological
detection or the biological diagnosis efficiency to a large extent.*****! In this study, to get a
microscale pattern, we just needed to change the photomask to a micromachined one. Fig. 5-

18 (d) shows a microscale pattern of University of Hamburg logo (UHH).
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Fig. 5-18 Fluorescence image of patterned PP film surfaces (a) Patterned circle, PP film: 2 cm x 2 cm. (b)
Patterned cat, PP film: 2 cm x 2 cm. (¢) Patterned “KIT”-logo, PP film: 2.5 cm x 5 cm. (d) Patterned

“UHH”-logo in microscale.

5.3.2.4 Other applications

This modification method can also be used on other materials such as plant leaves. As
shown in Fig. 5-19, the wetting change after each step can be clearly observed. The static CA
of the original leaf is 114.1°. After grafting with active ester BBPE, it decreased to 77.8°. It
was further reduced to 35.2° after post-modifying with ETA. The leaf surface property
sucessfully changed from hydrophobic to hydrophilic with our surface post-modification

method.
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Fig. 5-19 Optical photographs of water droplets on a leaf (a) original (b) after being grafted with active
ester BBPE (c) after being post-modified with ETA. Static CA images of water droplets on a leaf (d)

original (e) after being grafted with active ester BBPE () after being post-modified with ETA.

With this surface modification method, a chemical hydrophilic channel was obtained on
the hydrophobic PP film by simply choosing a different mask than before. As shown in Fig. 5-
20 (a) and (b), the PP film surface is hydrophobic, it cannot get wet when being emerged in
water. However, after modification, that is to say, after being firstly grafted with active esters
BBPE and subsequently post-modified with ETA, a slightly visible “A\”-shaped channel
appeared, as shown in Fig.5-20 (c). After being pulled out from water, a hydrophilic channel

“ N\’ was clearly visible on the hydrophobic surface as shown in Fig. 5-20 (d).
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Fig. 5-20 (a) Original PP film. (b) Original PP film after pulling out from water. (c) PP film after surface

modification. (d) PP film after surface modification after pulling out from water.
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5.3.3 Conclusions

This work provides a new and cost-efficient way to synthesize the active ester BBPE, thus
resulting in a promising surface post-modification method. It provides easy and simple access
to chemically attaching active coatings on any surface that contains aliphatic C-H bonds.
Desired functional groups could be easily attached through a further surface-analogous
reaction as PFP-based ester BBPE features an excellent reactivity towards amines under mild
reaction conditions. This method is efficient to modify chemically inert polyolefins. Various
chemical structures could be patterned on substrates by simply changing different photomasks
to control the UV-irradiation area. The small molecule is the unique advantage of this surface
modification method, which enables it to become potentially interesting for modification of
porous materials, for example battery separators or filtration membranes, without changing
the porosity property. Further work is necessary to enable its application in these

corresponding fields.
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6. Conclusions and Outlook

In this thesis, versatile, simple and cost-efficient modification methods for micro- and
macroscopic polymeric material surfaces were developed and their corresponding applications
were systematically investigated. During the development process, the advantages of active
esters, electro-spun fibers, UV-irradiation and post-modification were employed. For the first
time, electro-spinning of polymeric active esters into fibrous membranes and their application
in the field of water purification were studied. A small molecule modification compound
which combines an active ester with a photo-reactive group was synthesized in a cost-efficient
way and its application was for the first time investigated.

In Chapter 5.1, the polymeric active ester PMSAE was for the first time electrospun to
fibrous membranes. After post-modification via aminolysis under simple and mild reaction
conditions, two fibrous adsorbents PMSAE-TTDD and PMSAE-TAD were obtained. They
were used for organic dyes water purification and exhibited excellent performance. They
showed an extremely high adsorption capacity towards the anionic dye MB (PMSAE-TTDD:
1652 mg/g; PMSAE-TAD: 1585 mg/g), a good selective adsorption capacity of anionic dyes
from cationic dyes and they can be recycled at least 5 times. The adsorption mechanism of the
fibrous adsorbents towards organic dyes is based on electrostatic interactions between the
surface of fibrous adsorbents and organic dyes.

Chapter 5.2 is built on the work in Chapter 5.1, with the diversity of the post-modification
process being improved by adding PMMA and the photo-crosslinker PABP to the
homogeneous fibrous membrane precursor PMSAE for electrospinning. As a result, various
functional fibrous adsorbents were obtained. The newly developed fibrous adsorbent PMAM-
TTDD shows a high adsorption capacity of 1545 mg/g towards the anionic dye MB and a
good selective adsorption capacity of anionic dyes from cationic dyes. PMAM-APD shows a

good adsorption capacity of 577 mg/g towards the cationic dye CV and a good selective
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adsorption capacity of cationic dyes from anionic dyes. The adsorption mechanism of the
fibrous adsorbents towards organic dyes is based on electrostatic interactions between the
surface of the fibrous adsorbents and the organic dyes.

Considering their simple and cost-efficient development process and their excellent
performance, the fibrous materials should be further investigated and have promising
potential for various applications in the field of water treatment. In this thesis, only the static
adsorption performances of the fibrous materials were studied, but the dynamic adsorption
performances can also be investigated to provide more information on their potential
application in the industry. As the fibrous materials are porous, free-standing membranes,
they have the potential to be used as filtration membranes. Considering that the fibrous
materials showed an extremely high adsorption capacity towards anionic dyes, we anticipate
that they exhibit an outstanding adsorption performance for other anionic pollutants that
typically exist in contaminated water too, such as phosphates (PO4*), nitrates (NOs) or
cyanide anions (CN").

In Chapter 5.3, the small molecule compound BBPE, which combines an active ester with
a photo-reactive group was synthesized in a cost-efficient way, resulting in a promising
surface post-modification method. This method features the following advantages: 1) it
provides an easy and simple way to chemically attach active coatings on any surface that
contains aliphatic C-H bonds; desired functional groups could be easily attached through a
further surface-analogous reaction; 2) the operation is simple, requires no catalyst addition,
works under mild reaction conditions; 3) the scale and shape of the resulting chemical
patterns can be adjusted simply by changing the photomasks used during the UV-irradiation;
4) it can also be applied to surfaces of natural substrates such as plant leaves. 5) The small
molecule is the unique advantage of this surface modification method, which is potentially

interesting for the modification of porous materials, such as battery separators or filtration
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membranes, as it doesn’t change the porosity degree. Further work is necessary to enable its

application in these corresponding fields.
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7. Experimental Part

7.1 Materials

All chemicals were commercially available and used as received unless otherwise stated.
4,7,10-trioxa-1,13-tridecanediamine  (TTDD), 3,6,9-triazaundecan-1,11-diamin  (TAD),
triethylamine  (EtsN), 4-hydroxybenzophenone, (%)-3-amino-1,2-propanediol (APD),
poly(methyl methacrylate) (PMMA) (M,, = 350 000), ethanolamine (ETA), 4-
(dimethylamino)pyridine (DMAP), methyl blue, 1,4-dioxane, pentafluorophenol and
azobisisobutyronitrile (AIBN) were obtained from Sigma Aldrich. AIBN was recrystallized
from methanol prior to use. Acryloyl chloride (98%), N,N'-Dicyclohexylcarbodiimide (99%)
(DCC), dichloromethane, tetrahydrofuran, dimethylformamide and 4-benzoylbenzoic acid
(99%) (BBA) were purchased from Acros Organics. Methyl salicylate was supplied by Alfa
Aesar. Azorubine was obtained from Carl Roth. Methylene blue, crystal violet, orange G,
sodium hydroxide and hydrochloric acid were provided by Merck. Methanol, hexane, ethyl
acetate, ethanol and acetone were purchased from VWR. NBD-ethylenediamine was supplied

by our colleague Hui Zhao.*
7.2 Characterization

The morphology of the fibers before and after adsorption was monitored by scanning
electron microscopy (SEM, Zeiss EVO-MA 10 microscope). The FTIR was obtained using
the ATR unit on a Thermo Scientific Nicolet I1S10 FTIR spectrometer. The concentrations of
the dye solutions were calibrated and determined by a Jasco V-630 UV/Vis
spectrophotometer. *H NMR spectra were examined by Bruker Advance 400-500 MHZ
equipment. *C NMR and *F NMR spectra were examined by Bruker Advance m HD 600
MHZ equipment. Molecular weight and dispersity were measured via gel permeation

chromatography (GPC) in tetrahydrofuran with a flow rate of 1.0 mL min™. The change of the
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wetting properties of substrates was recorded via contact angle measurements which were
performed with a DataPhysics OCA 20 apparatus. The roughness of the substrates before and
after the modification was measured by atomic force microscopy (AFM) on a JPK
Nanowizard | instrument (intermittant contact mode, standard Silicon AFM tip, radius 10 nm,
resonance frequency 300 kHz, force constant 40 N/m). The fluorescence spectra of the
fluorescent dye were measured with an Agilent Cary Eclipse Fluorescence spectrophotometer
with horizontal beam geometry and a Xe pulse lamp and a Czerny-Turner 0.125 m
monochromator. The fluorescent patterns were observed with a fluorescence microscope

(Olympus BX51 with fluorescence illuminator, X-Cite series 120 Q - EXFO).

7.3 Synthesis

Synthesis of the monomer MSAE

L 110 with some modification which

MSAE was synthesized according to the literature
significantly increased the yield from 77% to 92%. The details were as follows: Methyl
salicylate (10.3 mL, 80 mM), EtsN (13.4 mL, 96 mM) and 45 mL dichloromethane were
added to a 250 mL round-bottom flask. The resulting mixture was kept stirring for 15 min in
an ice bath. Acryloyl chloride (8 mL, 96 mM) was dripped into the flask. The reaction
mixture was kept stirring in the ice bath for 3 h. After the reaction, the mixture was filtrated to
remove the precipitated triethylammonium salt. Then the filtrate was washed 3 times with
water (40 mL) and dried over sodium sulfate. The solvent was removed by rotary evaporation.
The product was isolated by silica gel column with hexane/dichloromethane (2:8 by volume)
as eluent. Finally, 15.18 g (92%) MSAE was obtained as yellow oil and subsequently
characterized.

'H NMR (400 MHz, CD,Cl,) & 3.72 (s, 3H), 5.96 (dd, 1H, J = 1.3/10.4 Hz), 6.28 (dd, 1H,

J =10.4/17.3 Hz), 6.50 (dd, 1H, J = 1.3/17.3 Hz), 7.07 (dd, 1H, J = 1.2/8.1 Hz), 7.27 (td, 1H,

J=1.2/7.7 Hz), 7.51 (ddd, 1H, J=1.7/7.4/8.1 Hz), 7.92 (dd, 1H, J = 1.8/7.8 Hz); **C NMR (400
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MHz, CDCl3) 6 52.24; 123.33; 123.78; 126.10; 127.69; 131.83; 132.79; 133.85; 150.39;
164.62; 164.97; IR (ATR mode) 2953, 1754 (C=0O methyl salicylate ester), 1722 (C=0
methyl ester), 1635, 1606, 1486, 1454, 1434, 1403, 1297, 1257, 1202, 1145, 1081, 754 cm™;

ESI-MS: Cal. [M]": 206.0579; found: [M+Na]": 229.0487, [2M+Na]": 435.1068.
Synthesis of PMSAE

PMSAE was synthesized by free radical polymerization. The detailed procedure was
according to the literature! but with a higher yield of 96%. *H NMR (400 MHz, CD,Cl,) &
2.32 (t, 2H), 3.19 (s, 1H), 3.55 (m, 3H), 6.66-7.33 (M, 3H), 7.51-8.05 (M, 1H); IR (ATR mode)
2951, 1754 (C=0 methyl salicylate ester), 1719 (C=0 methyl ester), 1606, 1487, 1450, 1434,
1297, 1262, 1199, 1127, 1080, 749 cm™; GPC (THF): M, = 3.80*10* g/mol, M, = 1.32*10°

g/mol, M/M, = 3.47.
Synthesis of the monomer ABP

ABP was prepared according to the literature'®. *H NMR spectra were measured by a
Bruker 400-500 MHZ Fourier NMR spectrometer to confirm the structure of the monomer
ABP. 'H NMR (500 MHz, CDCls) § 6.00 (dd, 1H, J=1.2/10.5 Hz), 6.28 (dd, 1H, J=10.4/17.3
Hz), 6.58 (dd, 1H, J=1.2/17.4 Hz), 7.17-7.24 (m, 2H), 7.42 (dd, 2H, J=7.0/8.5 Hz), 7.49-7.56
(m, 1H), 7.70-7.77 (m, 2H), 7.77-7.84 (m, 2H).

Synthesis of PABP

The detailed procedure of free radical polymerization of PABP was as follows: ABP (10g,
100 equiv), AIBN (1 equiv) and 30 mL of 1,4-dioxane were added to a 100 mL round-bottom
flask. The mixture was degassed under argon at room temperature for 30 min. Afterwards, the
reaction mixture was kept stirring in a preheated oil bath at 70 °C for 19 h. The
polymerization was terminated by exposure to air. Then, the mixture was diluted with THF

and purified by precipitating into hexane. The reprecipitation was repeated 3 times. After
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drying in a vacuum oven at 40 °C for 48 h, a white powder polymer was obtained with a yield
of 8.95 g (90%). *H NMR spectra and molecular weight were measured.

'H NMR (500 MHz, CDCl3) & 2.28 (d, 2H), 2.87-3.15 (m, 1H), 7.05 (t, 2H), 7.27 (t, 2H),
7.38 (g, 1H), 7.55 (t, 4H); GPC (THF): M, = 1.80*10* g/mol, My, = 3.86*10" g/mol, My/M, =
2.14.

Synthesis of BBPE

The detailed synthesis procedure was as follows: 4-Benzoylbenzoic acid (BBA), PFP, 4-
(dimethylamino)pyridine (DMAP), N,N"-Dicyclohexylcarbodiimide (DCC) and 40 mL THF
(mol ratio of BBA : PFP : DMAP : DCC=1:2:4: 2) were added to a 250 mL round-bottom
flask. The reaction mixture was kept stirring in an ice bath for 10 h. Subsequently, the mixture
was filtrated to remove the precipitated N,N"-dicyclohexylurea. Then the filtrate was washed
3 times with water (40 mL) and dried over sodium sulfate. The solvent was removed by rotary
evaporation. The product was isolated by silica gel column with hexane/ethylacetate (9:1 by
volume) as the eluent. Finally, 6.42 g (70%) BBPE were obtained as a white powder and
subsequently characterized.

'H NMR (400 MHz, CDCl3) § 7.46 (dd, 2H, J = 7.1/8.3 Hz), 7.53-7.63 (m, 1H), 7.72-7.80
(m, 2H), 7.83-7.90 (m, 2H), 8.21-8.29 (m, 2H); *C NMR (600 MHz, CDCls) & 195.58,
161.92, 142.97, 142.16, 140.47, 138.83, 137.16, 136.58, 133.27, 130.66, 130.15, 130.05,
129.80, 128.60; *°F NMR (600 MHz, CDCls) 6 -152.32, -157.37, -161.96; IR (ATR mode)
1756.56 cm™ (C=0 of ester), 1659.79 cm™ (C=0 of benzophenones), 1515.47 cm™ (benzene

ring of pentafluorophenyl).

7.4 Preparation of electrospun fibrous membrane precursors

Preparation of the electrospun fibrous membrane precursor PMSAE

The electrospinning solution was composed of 55 wt% polymer solution in THF/DMF

(6.5:3.5, v/v). After shaking for 8 h, the electrospinning solution was transferred to a syringe
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with a blunt metal needle (diameter: 0.8 mm). The electrospinning apparatus was
horizontally-aligned. The fibers were collected on an aluminum foil which was attached to the
grounded collector. The parameters used for the electrospinning process were as follows: the
flow rate was set to 3 mL/h, the tip-to-collector distance was 20 cm, the applied voltage was
25 kV. The obtained fibrous membranes were put in a vacuum oven for 10 h to remove the
remaining solvent. The morphology of the fibrous membrane PMAM was observed by SEM.

Preparation of the electrospun fibrous membrane precursor PMAM

The electrospinning solution was a mixed polymer solution composed of 32 wt% PMSAE,
11 wt% PABP and 2 wt% PMMA in THF/DMF (6.5:3.5, v/v). The subsequent procedure and
the parameters used for the electrospinning process were the same as for the preparation of the

above fibrous membrane precursor PMSAE.
7.5 Post-modification of electrospun fibrous membrane precursors

Post-modification of the electrospun fibrous membrane precursor PMSAE

The electro-spun fibrous membrane precursor PMSAE was post-modified with TTDD or
TAD to get two different adsorbents, named PMSAE-TTDD and PMSAE-TAD, respectively.
The selection of TTDD or TAD as post-modification amine has a twofold advantage. On the
one hand, they feature abundant functional groups, which are desired for the later application.
On the other hand, each molecule bears two primary amines, allowing them to act as
crosslinkers, which allows to maintain the fiber morphology after post-modification. The
detailed post-modification procedure was as follows: TTDD (or TAD) and Et;N were
dissolved in 3 mL of ethanol. After the solution has been shaken evenly, fibers were added to
the solution (ratio of fibers: TTDD (or TAD): EtsN=1: 3: 3). This post-modification process
was carried out at room temperature on a shaker. After a predetermined time, the fibers were

taken out and washed 3 times with ethanol. Then, the fibers were dried in a vacuum oven at
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40 °C for 10 h. Finally, the adsorbents were ready to use. The morphology of the fibrous

adsorbents was observed by SEM.
Post-modification of the electrospun fibrous membrane precursor PMAM

For post-modifying the produced fibrous membranes PMAM, TTDD and APD were used,
the former bearing the desired functional groups for the adsorption of anionic dyes and the
latter for cationic dyes, respectively. The detailed procedure of the post-modification was as
follows: the fibrous membranes PMAM were immersed into an ethanol solution containing
TTDD (or APD) and Et3N. After shaking for a predetermined time at room temperature, the
fibrous membranes PMAM were pulled out and washed 3 times with ethanol. After drying in
a vacuum oven for 10 h, the resulting fibrous adsorbents, named PMAM-TTDD and PMAM-
APD, respectively, were ready for adsorption application. The morphology of the fibrous

adsorbents was observed by SEM.
7.6 Adsorption experiments

General adsorption experiment

The general adsorption experiment procedure was as follows: fibrous adsorbents were
added to 50 mL conical flasks with stoppers containing dye solutions. The flasks were shaken
for a predetermined time of 4 h to reach equilibrium at 240 RPM at room temperature. The
concentration of dye solutions after adsorption was measured by an UV-Vis
spectrophotometer. The adsorption capacities of the fibrous adsorbents were calculated as

follows:

€, — )WV (7-1)
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where g (mg g*) is the adsorption capacity. C, (mg L™) and ¢ (mg L™) are the original
concentration and solution dye concentration after adsorption, respectively. V (L) is the

volume of the dye solution. m (g) is the mass of the added adsorbent.
Adsorption isotherm experiments

Batch adsorption isotherm experiments were recorded using 50 mL conical flasks
containing 40 mL of dyes with different concentrations (200, 400, 600, 800 and 1000 mg L™)
and 10 mg of adsorbents. After shaking at 240 RPM at ambient temperature for 4 h (pretested)
equilibrium was reached. The concentration of the dye solutions after the adsorption was
measured by an UV-Vis spectrophotometer. The adsorption capacities of the adsorbents were
153

calculated by dividing adsorbate weight by adsorbent weight:

_ (CO - Ce)V (7_2)

e m

where g, (mg g™) is the equilibrium adsorption capacity. C, (mg L™) and C, (mg L™) are the
original concentration and equilibrium concentration of the dye solution, respectively. V (L) is

the volume of the dye solution. m (g) is the mass of the added adsorbent.
Adsorption kinetics experiments

In order to explore the adsorption kinetics, 10 mg of fibrous adsorbents were added into 40
mL 1000 mg L™ of dye solutions. 1 mL of solution was withdrawn at certain time intervals.
The adsorption capacities were calculated with the following equation:

Co=Cv &
m

q: =

where g; (mg g) is the adsorption capacity at time t. C, (mg L) is the concentration of dye

solution at time t.
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9. Appendix

A. List of chemicals

The Information of the substances were taken from http://www.sigmaaldrich.com

Chemicals Hazard
H-Ph P-Ph
(CAS number) symbol rases rases
Acetone @ P210-P280-P304 +
67-64.1 H225-H319- P340 + P312-P305 +
(67-64-) GHS02 GHS07 H336 P351 + P338-P337 +
P313-P403 + P235
@ P210-P280-P304 +
- H225-H290-
Acryloyl chloride
yloy GHS02 GHS05 | 43024 4312. | P340 +P310-P305 +
(814-68-6) H314-H330 P351 + P338-P370 +
P378-P403 + P235
(£)-3-Amino-1,2- 5280
ropanediol -
Prop H314 P305+P351+P338-P310
(616-30-8)
Azobisisobutyronitrile
78671 @ H242-H302 + | P210-P220-P234-P261-
GHS02 GHS07 H332-H412 P280-P370 + P378
Azorubine
(3567-69-9)
4-Benzoylbenzoic acid
(611-95-0)
. Q‘ P201-P273-P280-
Crystal violet H302-H318-
GHS08 GHS05 Hé%O_Hi 1% P305+P351+P338-
(548-62-9) : : P308+P313-P501
GHS07 GHS09
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Dichloromethane H315-H319- P260-P280-P305 +
A H335-H336-
(75-09-2) H351.H371 P351 + P338
GHS07 GHS08
N Nl_ P280'
Dicyclohexylcarbodiimide HAOHGLL | PIOLHPIZHPIED
- + + -
e GHS06 GHS05
(538-75-0) P305+P351+P338+P310
P280-P301 + P310 +
4- P330-P302 + P352 +
(Dimethylamino)pyridine H301-H310- P310-P304 + P340 +
(1122-58-3) GHS06 H315-H319- P312-P305 + P351 +
H335 P338-P337 + P313
Dimethylformamide GHS02 GHS07 H226- H312- P201-P280-P305 +
(68122 H319- H332- P351 + P338-P308
H360 +P313
GHS08
1,4-Dioxane GHS02 GHS07 H225-H351- P210-P280-P305 +
H319.H335 P351 + P338-P370 +
(123-91-1) P378-P403 + P235
GHS08
Ethanol @ @ P210-P280-
H225-H319 P305+P351+P338-
P261-P273-P301 +
Ethanolamine H302 + H312+ | P312 + P330-P303 +
H332-H314- P361 + P353-P304 +
(141-43-5) GHS05 GHS07 H335-H412 P340 + P310-P305 +
P351 + P338
P210-P233-P261-P280-
Ethyl acetate _ -
(13:1 8.6 @@ szjsg'g’lg P303+P361+P353-
GHS02 GHS07 P370+P378
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S

H225-H304-
Hexane GHS02GHS07 | H315-H3ge- | | ont 210-P2r3-Ps0l
+ P310-P308 + P313-
(110-54-3) @ H361f-H373- At
H411
GHS08 GHS09
P261-P280-P301 +
Hydrochloric acid )
4 @ Looo.tiala. | P330+P33L-P303 +
(7647-01-0) 1335 P361 + P353-P304 +
GHS05 GHS07 P340 + P310-P305 +
P351 + P338 + P310
P261-P264-P271-P280-
@ P302+P352-
4-Hydroxybenzophenone H315-H319-H P304+P340-
GHS07 23 P305+P351+P338-
(L137-42-4) P312-P321-P332+P313-
P337+P313-P362,
P403+P233-P405-P501
O .@ P210-P280-P302 +
Methanol GHS02 GHS06 | H225-H301 + P352 + P312-P304
H311 + H331- + P340 + P312-
(67-56-1) H370 P370 + P378-P403
+P235
GHS08
Methyl blue @ “H315-
’ ':20129:331355 P261-P305+P351+P338
(28983-56-4) GHSO7
Methylene blue @
H302 P301+P312+P330
(61-73-4) HSO7
Methyl salicylate @
H302 P301+P312+P330
(119-36-8) HSO7
Orange G - - -
(1936-15-8)
Pentafluorophenol @@ H226-H315- P261-P305 + P351 +
P H319-H335 P338

(14533-84-7)

GHS02 GHS07
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Poly(methyl
methacrylate)

(9011-14-7)

Sodium hydroxide

P280-P303 + P361 +
P353-P304 + P340 +

H290-H314
(1310-73-2) GHS05 P310-P305 + P351 +
P338
@@ P210-P280-P301 +
Tetrahydrofuran GHS02 GHS07 H225-H302- P312 + P330-P305 +
H319-H335-
(109-99-9) H351 P351 + P338-P370 +
P378-P403 + P235
GHS08
3,6,9-Tr|az§un(_jecan-1,11- GHSO05 GHSO7 H302-H312- P273-P280-
diamin H314-H317-
P305+P351+P338-P310
(112-57-2) @ HA411
GHS09
. . : 'i H225-H302-
Triethylamine
y GHS02 GHS05 H311 + H331- P210-P261-
(121-44-8) H314-H335 P280-P303 + P361 +
P353-P305 + P351 +
GHS06 P338-P370 + P378
4,7,10-Trioxa-1,13-
tridecanediamine H314 P280-
P305+P351+P338-P310
(4246-51-9) GHS05
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B. Supporting information
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Fig. S-1 NMR spectra of MSAE (A) *H NMR in CD,Cl, (B) *C NMR in CDCls,
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Fig. S-2 'H NMR spectra of PMSAE in CD,Cl,,
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Fig. S-3 *H NMR spectra of ABP in CDCl5.
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Fig. S-4 'H NMR spectra of PABP in CDCls,
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Fig. S-5 *C NMR spectra of BBPE in CDCls,

119



APPENDIX

o
a
O O F
b
(0] F
¢}
F F
a C
F
b
- K\JK_J SR
f f ks
1.00 0.50 1.00
-110 -120 -130 -140 -150 -160 -170
5 (ppm)

Fig. S-6 “°F NMR spectra of BBPE in CDCls,
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