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Abstract

To expand the potential functions of high-performance bio-based polymers in the green society,
organic/inorganic composites of these polymers were developed and tested for their suitable applications. The selected
bio-based polymers in this study were biopolyamides (BPA) and biopolyimide (BPI). A multifunctional monomer, 4,4’-
di(trimethylamino)-a-truxillic acid (Q-4ATA), was synthesized by the quaternarization of bio-based 4-aminocinnamic
acid (4ACA) and was polymerized with various diamines to obtain a series of cationic BPA. All cationic BPA possessed
high thermal properties, with 10% weight loss temperatures of 296 — 329 °C. One application of these cationic BPA
bearing quaternary ammonium was the anion-exchange ability. They were employed to remove iodide (17) from the water.
PA-R4 was highlighted as an entirely bio-based cationic polyamide as its precursors being Q-4ATA and the glucose
diamine derivatives. It was calculated to have more than 95% use of renewable sources in the sustainability metric. With
120 min equilibrium time, more than 80% adsorption of 10 mg/L initial 1~ concentration in 90 °C was confirmed. The
ability of BPA to perform stable anion-exchange processes in various conditions has made them a new, sustainable, and
promising system for anionic pollution remediation in water. For BPI, the flame retardant films having high optical
transparency were developed from amino acid-based BPI salt with aluminum (BPI-COOAI) and copper ions (BPI-
COOCu). The microscale combustion calorimetry analysis revealed that BPI-COOAI possessed high flame retardancy
with 4.5 kJ/g total heat released and 427 s time to ignition. At the same time, high transparency of more than 80 %
transmittance at a light wavelength of 450 nm and 64 MPa tensile strength were retained. The total heat released of 14.6
kJ/g and 47 MPa tensile strength were observed in BPI-COOCu. The char formation of Al,Oszand Cu.0 in their respective
polymer complexes was deduced as main flame suppression mechanism. Comparing to the flame retardant films in the
literature, the present films of BPI salts are advantageous in terms of flame retardancy and thermo-mechanical stability.
Lastly, BPI complex containing the carboxylate europium (BPI-COOEu) was produced with europium ions. Under 330
nm ultraviolet excitation, BPI-COOEu yielded emission bands at 579, 592, 616, 650 and 692 nm which were associated
with the Do — 7F; (J = 0 — 4) transition of Eu3*. The prominent band at 616 nm resulted in red emission that could be
observed by naked eyes. The VOCs sensor application was tested, and the enhancements and quenchings in emission

bands were detected after BPI-COOEu was left in contact with solvents.

Keywords: Polyamide; Polyimide; lon-exchange; Flame Retardancy; Photoluminescent
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CHAPTER 1

General introduction

1.1  Environmental problem and bio-based polymers

The world population growth and continuation of anthropogenic activities have led to
numerous environmental issues. Some researches suggested that the human had welcomed the
plastic age since the end of 1945, when the petrochemical-based polymers replaced the
materials such copper, steel, and aluminium in many applications.® The overdependence on
these petroleum-based plastics ( polyester, polyethylene, polypropylene, and polystyrene) have
been contributing to the natural resource depletion, waste accumulation, and global warming.?3
Consequently, the use of bio-based polymers, which are derived from renewable materials is

essential as a part of solving the plastic problem.

One of the future trends for bio-based polymer lied within the polymer functional
performance when compared to its conventional counterparts.* While, replacing gasoline and
diesel by ethanol and biodiesel could be done easily, finding a substitution for the
petrochemical polymer is not as simple.®> Polyhydroxyalkanoate (PHA),® polylactides (PLA),’
polybutylene succinate (PBS),® polyethylene furanoate (PEF),° and several other and first-
generation bio-based polymers®12 exhibited low performance for super-engineering plastics
and their associated applications. As a result, a bio-based polymer possessing considerable
performance similar to that of conventional super-engineering plastics is desired. More time
and efforts are required to degrade such durable bio-based polymer into oligomer or monomers.
This provides several advantages like polymer recyclability, CO. stocking, and contribution to

the deceleration of global warming.



1.2 Bio-based organic/inorganic composites and their applications

The organic/inorganic composites are considered as functional polymers. The
functional polymers are the class of polymer (with heterogeneous backbone chain) possessing
available reactive and polarizing functional groups. With these functional groups, the polymers
often offer new or enhanced properties through the systems such as phase separation, reactivity
and association.'® The addition of inorganic materials has been proven to provide the polymer
with novel or improved properties. With these properties, the functional polymers become
more efficient materials for real-world applications. The information of some
organic/inorganic composites prepared by bio-based polymers and their enhanced or new

properties are tabulated in Table 1.1.

The organic/inorganic composites can be synthesized through the modification of
polymer sidechain. For example, the chlorination of PHA was made possible via an addition
or substitution reaction of PHA side chain by chlorine atom (CI).}*** Fluorinated PLA and
PHA were developed in the presence of fluorine gas.'®'’ PHA with fluorine atom (F) attached
to its side chain could also be produced in vivo.'® The mentioned PHA with halogens on its
side chain showed improved thermal stability, while the fluorinated PLA was observed with

enhanced water contact as well as antibacterial property.

The modified cationic polymers could also be considered as organic/inorganic
composites due to its salt form being associated with hydroxide anion (OH") or anion halogen
such as CI- and I". The natural polymer derived from shells of crustaceans, chitosan, contains
amino groups on its side chain. These can be made cationic by quaternization'® or grafting of
gycidyltrimethylammonium chloride.?® The cationic chitosan was used for drug delivery,

antibiotics, and liquid separation.'®?2



Another way to produce the organic/inorganic composites is to employ ionomer. The
composites, usually in the form of complexes, were developed with the ionomer containing
carboxylic acid side chain (carboxylate) ionically attached to the additional cationic metal. One
well-known natural ionomer is the polysaccharide, alginic acid. In its salt form, alginate, the
carboxyl group is ionically (and electrostatically) to cation(s). It can form coordination with
multivalent metals, especially the egg-box model with divalent metal.?® The coordination of
alginate with multivalent metal cations (AI**,Ba?*, and Zn?*) produced composites with flame
retardant property.?*28 Iron alginate was synthesized and utilized as a cationic adsorbent for
removing anionic arsenic contaminants in the water.2” The polymers could also be modified or
mixed to contain carboxylic acid so that it can form desired complexes. PLA was blended with
methacrylic acid to produce ethylene-methacrylic acid. The copolymer was brought to form
composites with metal cations (Zn?, Li*, Na*, and Mg?*), and the resulted composites exhibited
improved mechanical strength.?®?° PHA was grafted with N-acetyl-L-cysteine, and the
polymer could form complexes with rare earth metal ions (Eu®* and Tb%").%° These composites
exhibited photoluminescence properties under UV excitation. Apart from metal-carboxylate

formation, metal complexes can also be formed by other bonding formations.3!3?

Other widely acceptable composites preparation methodologies include direct mixing,
extrusion, and solvent cast. The direct addition of aluminium bororate nanowhisker into PHA
could enhance the mechanical strength while adding aluminium hypophosphite into PLA
offered the polymer with flame retardancy.®*** The introduction of titanium dioxide (TiO) into
PEF produce a photocatalytic composite.3® The composite with enhanced osteogenic activity
was obtained with the combination of PBS and calcium phosphate.® By adding zeolite during

the synthesis of PBS, improved tensile strength and enzymatic degradation were observe.



Table 1.1 Organic/inorganic composites prepared from bio-based polymers and their properties

bio-based polymer addition of inorganic substance enhanced or new properties ref.
addition reaction by CI using excess . i .
. enhanced thermal properties (Tg increased from -50 °C in
PHA f)g'tg?s?ﬁrﬂase?ﬂ?gﬁggga?g HCland — p1A to 58 °C in PHA with 21 wi%% CI) 14
substitution reaction by CI using . o o )
PHA excess chlorine gas produced by HCI Zghg Tﬁg?o/zhg;n al properties (Tg 10 °C and Tm 148 °C with 15
and potassium permanganate '
. . . - enhanced water contact angel (increased from 54.2° in
PLA film exposed in CF4 gas in o . 0
PLA inductively coupled plasma reactor — PLAF] 0 8%'3 |_anLA_vv||th 25 wt% F) li coloni duced 16
substitution reaction by F - enhanced antibacterial property (E_.co i colonies reduce
from 2213 in PLA to 294 in PLA with 25 wt% F)
N . o enhanced thermal stability (Tqs increased from ~ 200 °C in
PHA fluorination with 5% F in nitrogen PHA to ~ 300 °C in fluorinated PHA) 17
forming metal carboxylate -
. L2 : 5 - enhanced thermal stability and developed flame retardancy
alginate gglczjrg(l)r:gtlon with Zn** (in ZnCl; (Tes80 °C and pHRR 17.1 W/g) 26
forming metal carboxylate . - I
. 2 : 7 gained an ability to become cationic adsorbent used to
alginate ggﬁj rg(l)r;;';tlon with Zn** (in ZnCl; remove AsOz™and AsO4%" in the water 27
enhanced mechanical properties (Torque strength ~ 15 Nm
. N 3 - -
PLA/EMMA co-polymer forming metal carboxylate and Young’s modulus >10° MPa in glassy region) 29

coordination with Zn?+



PHA grafted with N-acetyl-
L-Cysteine

PEF

PHA

PLA

PEF

PBS

PBS

forming metal carboxylate with Eu®*

and Th3*

spin-coated with silver nanowire and

formed Ag-O coordination

direct mixing in aluminium borate
nanowires in chloroform at 50 °C
with assisted ultrasound (solution
casted into film)

direct mixing in aluminum
hypophosphite and extruded at
175°C

direct mixing with TiO., solvent
evaporation and hot press to create
film

PBS pallets mixed with calcium
phosphide in an internal mixer at
160 °C, and the product was
hydrolyzed with NaOH

zeolite was added during the
synthesis of PBS

gained fluorescent properties (with 320 nm, Eu-PHA and
Th-PHA exhibited strong °Do — 'F2 and °Ds — "Fs
transition, respectively.)

gained in electrical properties (6.7% power conversion,
0.77 V open-circuit voltage and 15.40 mA/cm? short circuit
current)

enhanced mechanical strength (tensile strength increased
from ~ 25 MPa in PHA to ~ 37.5 MPa in PHA with 0.4%
Als)

Enhanced flame retardancy (PHRR decreased from 361
W/g in PLA to 187 W/g in PLA with 30 wt% aluminum
hypophosphite)

gain photocatalytic property to degrade anti-inflammatory
drug

enhanced osteogenic activity (maximum alkaline
phosphatase strain in PBS increased from ~ 400 to ~ 800)

- enhanced tensile strength (from 32.8 MPa in PBS to 38.1
in PBS with 1 wt% zeolite)
- enhanced enzymatic degradation

30

32

33

34

30

35

36

Ty — glass transition temperature, Tm — melting temperature, PHRR — peak heat released rate, Tqs — temperature at 5% degradation



1.3 4-aminocinnamic acid and high-performance bio-based polymers

The exotic 4-aminocinnamic acid (4ACA) was previously created from the
fermentation of sugar by Escherichia coli.>” The synthesis route and structure of 4ACA is
illustrated in Scheme 1.1. Through 254 nm UV irradiation of 4ACA, [2+2] photocycloaddition
occurred, and a bio-based aromatic diamine, 4,4’-diaminotruxillic acid (4ATA) was produced.
4ATA became the monomer that led to the creations of high-performance bio-based polymers
with excellent mechanical strength and thermal stability. The structure of 4ATA and its bio-
based polymer derivatives are illustrated in Scheme 1.2. The biopolyimide (BPI) had a
maximum temperature at 5% degradation of 410 °C and tensile strength of 98 MPa.3” The
biopolyamides (BPA) possessed a maximum temperature at 10% degradation (Tq10) of 370 °C
and tensile strength of 407 MPa.®® According to the literature, these values are comparable to
those of the commercial counterparts. The characterizations of BPI and BPA have shown that
they have the potential to be used in numerous other applications. For state of the art, the only
example can be found in literature, which the modification of polyimide sidechain with indium
tin oxide was performed, and an electrical property was observed in the resultant polymer.*
Taking the functions of organic/inorganic composites into account, the expansion of

applications for these bio-based polymers are still left to be explored.

0 NH, Os OH
ABC O ]
a
pap OH OH
gluicose —» — R .
OJH( (ﬁ
oH O NH, NH, NI,
) 4-aminocinnamic acid
chorisomate 4APP 4APhe

(4ACA)

Scheme 1.1 Synthesis of 4-aminocinnamic acid (4ACA) by fermentation



[2+2] photocycloaddition b]opolymnde (BPI)
hv (A= 254 nm) COOH /

‘QT\COOH —= HN Q @ O NH,
OOH NHAc
4ACA 4,4’-diaminotruxillic acid (4ATA)
COOH
O < O {2
OOH

biopolyamide (BPA)

NHAc

Scheme 1.2 Syntheses of high-performance bio-based polymers from 4ACA

1.4 Molecular design strategy for organic/inorganic polymers composites

Taking into account the structure of 4ATA the organic/inorganic composites can be
developed from the monomer according to the desired functions. The molecular design of
4ATA is depicted in Figure 1.1. The benzenes provide the structure with performances related
to thermal and mechanical properties. The cyclobutane is responsible for the rigidity. The
carboxylic acid (COOH) offers an anionic property, while the ammonium (N2H) is cationic in

nature.

- — - performance
——rigidity

- - - anionic group
--------- cationic group

Figure 1.1. Molecular design of 4ATA



The applications of interest include anion scavenging, flame retardancy, and
photoluminescent. The section summarized the planned design of organic/inorganic polymer

composites for the mentioned functions.

1.4.1 Biopolyimide-metal complexation for flame retardancy and photoluminescence

The flame retardancy polymeric materials were used to increase the safety of
infrastructure and transport. To create a bio-based flame retardant film, several other
characteristics such as thermo-mechanical stability and high transparency are taken into
account. The general development is still struggled to create such a flame retardant film that
could maintain the other properties. The flame retardant additive might be responsible for
hindering the other properties of the polymer. For instance, the thermal stability and
transparency of PLA decreased as a higher combination of lithium, aluminium, layered double
hydroxide (LDH) and 2-carboxyethyl phenyl-phosphinic acid (CEPPA) was added to the
polymer.%° At the same time, the total heat release (THR) of the PLA during the burn could be
reduced to 9 kJ/g. In another case, the metal additive such as Ba?*, Zn?*, and Fe®* could enhance
the flame retardancy (V-0 rating of UL-94 standard and peak heat release rate (PHRR) of 12
W/g) of the natural polymer, alginate.?>264! Nevertheless, the maximum tested thermal stability
could only be improved to a small extent. The BPI created by 4ACA was observed with stable
thermo-mechanical properties as well as high optical transparency. The monoamine can be
employed to synthesize the bio-based flame retardant polymers while maintaining the other

properties.

The photoluminescent materials are essential in the development of medical fields,
electrical energy, and sensors. One strategy of obtaining a photoluminescent property is to
include rare-earth metals into materials. Poly methyl methacrylate (PMMA) was incorporated

with terbium and europium (Eu), which, under 254 nm excitation, the fluorescent emissions at



488, 546, 583, and 619 nm [°D4 - 'F; (J = 6,5,4,3) transition] was identified.*? In the mentioned
study, the carbonyl groups were responsible for the interactions between PMMA and the rare
earth metals. In another case, the ligand, 8-hydroxy-1,5-naphthyridine-2-carboxylic acid
formed a complex with Eu in europium chloride solution.*? Several bonds such as Eu—O
(hydroxyl), Eu—O (carboxyl), and Eu—N were identified in its product.*> Under 345 nm
excitation, the product displayed emissions at 576, 589, 612, 646, and 689 nm, which are

corresponding to °Do to ’F; (J = 0 — 4) transitions of the Eu(l11) ion.*?

The syntheses of organic/inorganic composites containing flame retardancy and
photoluminescence are similar. Scheme 1.3 illustrated the BPI-metal complex (PI-COOMt)
synthesis. Firstly, BPI bearing carboxylic acid (PI-COOH) on its side chain could be produced.
With the functional group, PI-COOH should be dissolved in a base like KOH to produce PI-
COOK. Lastly, the composites could be developed in metal salt solution through the metal-
carboxylate formation. To create flame retardant composites, metals that can offer such
property will be chosen. For the luminescent function, a rare earth metal will be employed to

produce the composite.

COOH COOH 0
zNNHa O>\ /% — Q ‘ O \%
4ATA dianhydride BPI (PI-COOH)
COOK 0 o 1 Metal COOM o
SO0 = 10008
COOK Cg// \QO n OOMt n
PI-COOK PI-COOMt

Mt = multivalent metal cation

Scheme 1.3 Synthesis plan of BPI-metal complex (PI-COOMt) for the flame retardant and

luminescent composites



1.4.2 Quaternization of monomer and cationic bio-based polyamide for anion scavenging

Removal of ionic pollution created by the growing industry is one of the essential
environmental issues. The polymers have been modified to remove ionic pollutions in the water,
by the mean of adsorption. One of the most common products is the ion-exchange resin, which
is usually created by polystyrene or polyacrylic.**-* The removal of cationic pollution has been
studied extensively, but the same cannot be applied to that of anionic species in the water.*¢47
This is a concern because anionic contaminant like 1-131 (8-day half-life), in the form of iodide
(I, has a high specific energy and can damage living cells and tissues.*®*° A study showed a
nearly 150 mg/g |- adsorption capacity for the polystyrene-based resin.>® However, the styrene
is a product of non-renewable petroleum and was deemed as unsustainable. Also, polystyrene-
based resin exhibited low thermal property (Tawo ~ 100 °C).>* This limited its usage in some of

the industries, where I~ was required to be removed in an extreme environment.>

The plan for cationic BPA synthesis toward anion scavenging application is illustrated
in Scheme 1.4. The preparation of 4ATA could be done by [2+2] photocycloaddition, and the
quaternary amine could be achieved by quaternization. The novel monomer would be
polymerized with a series of diamine to produce cationic BPA bearing the side chain quaternary

amine.

10



hv

(A =254 nm)
N C N\—CooH —

quaternization
4ACA quaternized 4ATA

CHj;

3C@&_CH3

eOH
H

. (]

H; O H HO 0
—-CH; + H,N-R-N,H —— +N-R-N-C C

1
quaternized 4ATA diamine cationic BPA O

Scheme 1.4 Synthesis plan of cationic BPA for the scavenging of anion

1.5  General purpose

In this thesis, we would like to develop high-performance functional materials from a
renewable source for a sustainable society. The main aim is about modifying 4ACA and its
bio-based polymers derivatives to create organic/inorganic composites for desired functions.
This takes into account the available functional groups on the existing BPA and BPI side chains,
mainly COOH and NH groups. We expect that by making organic/inorganic polymer
composite, novel properties of the polymer will be created. This would expand the bio-based
polymer applications such as anion scavenging, flame retardancy, and photoluminescence. The

objectives of this thesis are as follows:

e Develop a novel, monomer, quaternized 4ATA and its cationic BPA derivatives for

anion scavenging in the water environment

11



Develop BPI-metal complexes (BPI-COOMt) as novel flame retardant materials that
can maintain or possess the properties such as thermal stability, mechanical strength
and optical transparency

Develop a BPI-rare earth metal complex as a novel luminescent material

Characterize the developed organic/inorganic composites according to its specific
function

Test the efficiency of these materials in their respective application, and compare their

important parameters with those of previous studies

12



CHAPTER 2
Cationic biopolyamides from quaternized 4-aminocinamic acid as

Inorganic anion exchanger

21 Introduction

The scavenging technologies for anionic pollutants such as iodine have not efficiently
matured in term of performance and sustainability. Specifically, concentrated amounts of
iodine-131 (1-131) or iodine-129 (1-129) found in a nuclear power plants and radioactive waste
disposal sites, have been described as dangerous substances. Their release into the environment
leads to strong radiation that can cause thyroid cancer and damage human organs.**3°* Cesium
iodide (Csl) is regarded as the source of soluble radioactive substance in the nuclear facility,
while iodide (1) was found to be the iodine dominant species in the waste disposal sites.>>°
For state-of-the-art, membrane separation and coagulation-flocculation-sedimentation systems
are promising technologies. Nevertheless, the coagulation-flocculation-sedimentation systems
require additives such as silver nitrate and poly aluminium chloride, and the results have shown
low to moderate I- removal efficiency.®”*® The membrane separation technology yields a near-
desalination-quality permeate, but the system produced a stream with concentrated

contaminants, and it requires high electrical energy to operate.>*

The adsorption has become an essential technology that improve the process of I~
removal in the water. Although the activated carbon was able to remove a high quantity of
iodine compound (I2), low I~ adsorption was observed for the adsorbent.562 The efficiency
could be improved with the inclusion of metal such as silver, iron and copper.®*-¢® However,
the metals can become contaminants and cause other environmental-related problems.8”¢8 The

conventional polystyrene-based cationic resin can remove |- in groundwater and seawater

13



environments.® " Despite an elevated I~ removal capacity of 148.23 mg/g for the silica-based
poly(4-vinyl pyridine) resin, the petroleum-derived polymers are unsustainable due to their
reliance on dwindling petroleum reserves.>® Furthermore, polystyrene resins were found to
possess low thermal stability [temperature at 10% degradation (Tq10) ~ 100 °C], which restricts
the material applications at a high temperature.>® The waste nuclear effluents are released or
stored at high temperatures, and specifically in the waste container, where the radiation could
cause the rise of temperature up to 120 °C.> Therefore, there is a demand of efficient systems
to adsorb toxic ions evenly without an appreciable loss in efficiency and/or material
degradation. The cationic nature of quaternary ammonium is mainly responsible for the anion
exchange process but the stability problem of the functional group in the commercial anion-
exchange resin has been addressed. At a high temperature, quaternary ammonium decomposes,
resulting in lower resin ion-exchange capacity. Under heating, the Hoffman elimination occurs,
and the quaternary ammonium is converted into the tertiary form with methyl alcohol as a
byproduct.”* Since OH- in the salt form of the polymer triggered such degradation, it was
proposed that by increasing the water molecules in the polymer complex, OH~ (H20)x clusters
are formed and nucleophilic substitution is reduced.”® As a result, there is a need to find a more
sustainable, effective, highly thermally stable, alternative material that can remove anionic

pollutions from water.

Recently a bio-based polymer has been developed from the monoamine, 4-
aminocinnamic acid (4ACA), a compound obtained from the fermentation of glucose by
genetically engineered E. coli.3"~% The resultant biopolyamides (BPA) exhibited mechanical
and thermal characteristics (Ta10 and tensile strength up to 370 °C and 407 MPa, respectively)
that are higher than conventional polyamide or cationic polystyrene and acrylamide

polymers.387374 More importantly, the 4ACA-based biopolyamide showed degradation in
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solution under ultraviolet (UV) irradiation. After 24 h of UV irradiation, with conc.

hydrochloric acid (HCI), the starting monoamine can be retrieved.®

With the UV-degradation ability and high thermal stability, a modified form of the
existing glucose-derived biopolyamide can be employed as the 1= removal agent for the
application of radioactive iodine remediation in the water environment. In this research, we
employed 4ACA to synthesize a quaternary diamine derivative. The biomonomer, 4,4'-
di(trimethylamino)truxillic acid (Q-4ATA), was polymerized with various diamines to yield a
series of BPA having cationic side chains. In addition, the synthesized BPA were tested for the
I- removal, and the efficiency was studied with variation in factors such as polymer dosage,

time, solute concentration, pH and temperature.
2.2  Experimental

2.2.1 Materials

Diamine precursor, 4-aminocinnamic acid (compound 1), was produced by the
fermentation of glucose, as described in a previous study.*® A polymerization solvent, 1-
methyl-2-pyrrolidinone (NMP, Tokyo Chemical Industries, Japan); condensation agent,
triphenyl phosphate (TPP, Tokyo Chemical Industries, Japan); catalyst agent, pyridine (Py,
Tokyo Chemical Industries, Japan); and iodomethane (CHzsl) stabilized with copper chip
(Tokyo Chemical Industries, Japan); were used as received. p-Phenylenediamine and 4,4'-
oxydianiline were purified by sublimation, and 4,4'-diaminodiphenyl sulfone was
recrystallized with water after being received (Sigma-Aldrich, Japan). Citric acid, ammonium
hydroxide, ammonium dihydrogen phosphate, tris[4-(phenylcarbonyloxy)phenyl]methyl
bromide, mercuric chloride, and potassium peroxymonosulfate for the standard method of I~
quantification were used as received (Sigma-Aldrich, Japan). The common acids and bases

such as hydrochloric acid (HCI), hydroiodic acid (HI), sodium hydroxide (NaOH), and
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potassium hydroxide (KOH) were used as received (Kanto Chemical Co. Inc., Japan). The
other reagents were salts from Tokyo Chemical Industries, Japan, which include potassium
iodide (KI), sodium chloride (NaCl), sodium sulfate (Na2SOs4), sodium hydrogen carbonate
(NaHCO3), and potassium bromide (KBr). DOWEX™ 550, the commercial anion-exchange

polystyrene-based resin, was used as received (DOW Chemical Thailand Ltd., Thailand).

2.2.2  Monomer synthesis

The synthetic route of quaternized 4,4’-diamino-e-truxillic acid (Q-4ATA) is
illustrated in Scheme 2.1. A solution of 4ACA (4.0 g, 0.02 mol) in acetone (60 mL) was reacted
with conc. hydrochloric acid solution. After stirring for 6 h, 4-aminocinnamic acid
hydrochloride (compound 2) was produced (yield 85.9%). The obtained product was subjected
to photo-dimerization for 24 h, under the irradiation of a 100-W high-pressure Hg-lamp (Omni
Cure S1000, EXFO Photonic Solution Inc.). The reaction was monitored by proton nuclear
magnetic resonance (*H NMR, Bruker Biospin Inc., 400 MHz, DMSO-ds). A complete [2+2]
photocycloaddition in hexane yielded 4-aminocinnamic acid hydrochloride dimer (compound

3, yield 73.7%).

The obtained 4ATA was dissolved in water and purified by activated charcoal. After
separation, NaOH was used to adjust the liquid phase to pH 3, where the white precipitate of
4,4’ diamino-a-truxillic acid (4ATA, compound 4) was observed. The mixture was left agitated
for 30 min before the separation. 1.0 g of dried compound 4 (3.07 mmol) in acetone (15 mL)
was subjected to quaternization with CHsI (30 mL) in the presence of 250 uM NaOH solution
(10 mL). A complete quaternization was achieved after 24 h, yielding an orange solution. Conc.
HI was added dropwise into the solution until the Q-4ATA (compound 5) precipitated (yield
96.9%). ESI-FT-ICR MS (9.4 T SolariX FT-ICR MS, Bruker Daltonics, USA) was used in

positive mode to confirm the monomer mass components. Methanol was used as a solvent with
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the sample prepared as 1 umol/mL. The syringe and dry gas flow rates were set to 120 uL/h
and 3 L/min, respectively, at a dry temperature of 200 °C. The capillary voltage was set to 4500
V, and the plate offset was -500 V. The structure of Q-4ATA was confirmed by *H and *C
NMR; 'H NMR (400 MHz, DMSO-ds, 8, ppm): 3.62 (s, 18H), 3.92 (dd, 2H, J = 10.22, 7.38),
4.40 (dd, 2H, J = 10.24, 7.34), 7.63 (d, 4H, J = 9.04 Hz), 7.94 (d, 4H, J = 9.08 Hz), 12.37 (s,

2H); 1*C NMR (400 MHz, D20, ¢, ppm): 40.6, 46.2, 56.8, 119.9, 129.3, 141, 145.5, 175.7

acetone

woe =2 (O
ucose @—= .
1 conc. HCI 2
hv
(L =254 nm) COOH activated charcoal COOH
— O Orma — " -0
hexane OOH NaOH OO
3 4
acetone, CH,1, NaOH e COOH o
OO
HI CH, CH,
OOH
5

Scheme 2.1 Synthetic route of the quaternary derivative of 4-aminocinnamic acid (Q-4ATA)

2.2.3 Cationic biopolyamides syntheses

The preparation of cationic polyamides is depicted in Scheme 2.2. Under an inert
atmosphere, an equimolar mixture of Q-4ATA (0.5 g, 1.20 mmol) and p-phenylenediamine
(diamine R1, 0.13 g, 1.20 mmol) was set up to polymerize in a homogeneous solution of NMP
(0.72 mL) in the presence of condensation reagents, TPP (0.41 mL, 1.48 umol) and Py (0.36
mL, 4.49 mmol). The reaction was performed at 100 °C for 3 h to obtain a homogeneous,

viscous solution. The resulting solution was re-precipitated in ethanol to obtain polyamide
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fibrils, which were filtered and dried under vacuum at 60 °C for 12 h. The polymerizations of
Q-4ATA with other diamines Scheme 2; 4,4'-oxydianiline (diamine R2), 4,4'-diaminodiphenyl
sulfone (diamine R3) and 4.,4'-diamino-a-truxillic acid dimethyl ester (diamine R4) were
carried out by the procedure analogous to that with R1. R4 was chosen based on it being another
derivative of the bio-based 4ACA, while R1, R2, and R3 were chosen as common aromatic
diamines. The rigidity of these bridging diamines aromatic structures was also deemed

favorable in term of molecular weight and thermal resistance for the polymerization of

BPA.75’76
et
H:.;C_N_CH;
NMP
+ HNRxNH —» |H 10 S 2
diamine TTP, Py

5
HgC‘@CH_}
~ ) S Ol
R1 R2

o COOCH;
|
~ - OO0
0
OOCH;
R3 R4

Scheme 2.2 Synthetic route of cationic BPA

2.2.4 Solubility tests

The solubility of monomers and polymers was tested in various solvents, such as
hexane, toluene, dimethylacetamide (DMAC), ethyl acetate (EtOAc), acetone, dimethyl
sulfoxide (DMSO), dimethylformamide (DMF), ethanol, methanol, and water. Solid sample

(10 mg) was added to 0.5 mL of solvent. If the solute was not soluble, the mixture was heated,
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and the solubility was checked under reflux conditions. Each solvent was heated to about 70%

of its boiling point, to prevent complete evaporation.

2.2.5 Cationic biopolyamides characterization

Fourier transform infrared spectra (FT-IR) were recorded on a Perkin Elmer
spectrometer using a diamond-attenuated total reflection (ATR) accessory between 4000 and

400 cm™,

A gel permeation chromatograph (GPC, concentration 5 g/L, DMF eluent, Shodex
GPC-101, Showa Denko K. K., Tokyo, Japan) equipped with a reflective index detector (RI-
2031 Plus, Jasco, Tokyo, Japan) and an ultraviolet detector (UV-2075 Plus, Jasco, Tokyo,
Japan), was used to determine the number-average molecular weight (Mn), weight-average
molecular weight (Mw), and the molecular weight distribution (PDI). The GPC was calibrated

with polystyrene standards.

For the thermal characterizations, thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed on STA 7200 (Hitachi, Tokyo, Japan) and X-
DSC7000T (Hitachi, Tokyo, Japan), respectively. The moisture was eliminated at 150 °C for
6 h before TGA and DSC measurement. BPA were dried at 100 °C for at least 6 h before TGA
and DSC analyses. TGA was measured under a nitrogen atmosphere in the temperature range
of 25 — 800 °C, and the heating rate was set to 10 °C /min with a 10 min holding time. DSC
was also set up with 10 °C /min heating rate. The TGA data of commercial polystyrene-based,

DOWEX™ 550, from previous research was used for comparison.>*

Since the BPA in this work were derived from the glucose-based monoamine, 4ACA,
they were accessed for the percent use of renewable sources in their structures. The metric was
previously proposed as one of the sustainability metrics for the life cycle assessment and green
design in polymers.”” In this case, Q-4ATA is also considered to be a renewable resource as
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the added groups of CHs to create quaternized ammonium came from CHzl, the product of
iodine and methanol in the presence of phosphorus. All diamines presented in Scheme 2 were
not considered as renewable resource except for R4, which was synthesized from 4ACA. The
percent use of renewable sources was calculated from the theoretical atomic weight of the
compounds in the BPA structures, and an example of the calculation is presented in Scheme

2.3.

Percent use of renewable

0 OH H resources
2R )N
378
O 1 —x 100 = 78.1%

484

renewable source non- renewable source

LTS (106 )

|
PA-R1 (484 g)

Scheme 2.3 Percent use of renewable resources calculation for PA-R1

2.2.6 Potassium hydroxide treatment treatment

KOH treatment was conducted to generate the hydroxide (OH") form of the quaternary
ammonium in the cationic polymer for the target anion-exchange process. 1.0 g of BPA
(initially in I form after the syntheses) were ground and submerged in 1 M KOH solution (30
mL) for 24 h. The solutions were filtered, and the obtained polymer was washed thoroughly in
DI water. Before the KOH treatment, right after the treatment, and after being washed with DI

water, scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy
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(SEM-EDX, JEOL, Japan) was used to analyze the polymer morphology and its elemental
composition. The confirmation of anion-exchange by EDX was adopted from the literature.”
The molecular weight of the treated BPA was checked, with the GPC analysis, for the

possibility of hydrolysis of the amide backbone.

2.2.7 lodide removal in water

K1 was used as the I~ source. The standard method of Leuco Crystal Violet was used
for the supernatant |- quantification.” The ultraviolet—visible (UV-Vis) optical absorption
spectra were recorded on a Perkin-Elmer, Lambda 25 UV/Vis spectrophotometer at room

temperature at 592 nm.

The I removal at different BPA dosages (0.01, 0.1, 1, 2, 5, and 10 g/L) was tested to
determine a suitable amount of BPA for the kinetic test. I~ concentration of 10 mg/L was
selected, according to the concentration of radioactive iodine 1-131 in a pressurized nuclear
reactor.8 The experiment was conducted with 120 min of contact time in a water bath,

maintaining room temperature. The removal percentage (%) was determined by Equation 2-1:

i_Ce

x 100

I~ removal (%) =
i

(2-1)

where, C; is the initial I~ concentration (mg/L), and C. is the final concentration after

the removal test (mg/L).

The kinetic test was performed using the synthesized cationic BPA to remove I~ from
a solution and to determine the equilibrium time of the anion-exchange process. The range of
contact time was 0 — 180 min, and the polymer dosage was determined previously. The
experiment was conducted with a 10 mg/L initial I~ concentration, at room temperature. The

exponential decrement in the sorbate concentration with time exemplifies the linear form of the
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pseudo-first and pseudo-second-order reactions represented by Equations 2-2 and 2-3,
respectively. For the mentioned equations, ki and k» are the pseudo-first and pseudo-second-
order reaction constants, respectively. gt represents the adsorbed solute per weight of adsorbent

at a given time, t. ge is the adsorbed solute per weight of adsorbent at equilibrium.

k
10g(qe — q¢) = logqe — ===t

2.303
(2-2)
t 1 t
E= k2q? E
(2-3)

The batch concentration experiment was conducted to determine the adsorption
isotherms. The optimum set of conditions (equilibrium time and dosage) for each respective
biopolyamide was used, according to the results from the previous section. The adsorption with
an |- initial concentration of 5 — 1000 mg/g was conducted at room temperature. The results
were fitted with linear (Equation 2-4), Langmuir (Equation 2-5), and Freundlich (Equation 2-

6) isotherms.

q
Kp =—

(2-4)

1 1 1
—= +
q Qmax KL Ce Qmax

(2-5)

1
Logq = ELogCe + Log Kr
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(2-6)

where, q is the of adsorption or amount of the solute mass adsorbed per unit mass of
the adsorbent. Kp, K¢, and Kr are the adsorption coefficients of the linear, Langmuir, and
Freundlich isotherms, respectively. The value of gmax iS the predicted sorption capacity,
corresponding to the total number of surface sites, obtained from the Langmuir model. n is the
exponent related to the sorption intensity and sorption free energy, obtained from the

Freundlich model.

The I~ exchange tests were also conducted at various temperatures (10, 20, 40, 60, 80
and 90 °C) and pH (2, 5, 7, 10, and 12). HCI and NaOH solution were employed for the pH
adjustment in the I~ solution, and DOWEX™ 550 was used as a reference. To access the
selectivity of PA-R4 for removing I, the adsorption experiment was conducted in the presence
of other anions. NaCl, Na.SO4, NaHCO3, and KBr were used as the sources of chloride (CI"),
sulfate (SO4%), bicarbonate (HCO3-), and bromide (Br-), respectively. The competitive species
and their added concentration (1000 times that of I- molar concentration) were selected based
on the seawater composition.8! Additionally, I~ adsorption by PA-R4 was also tested with tap
water and filtered seawater (collected from Chon Buri province, Thailand). For the effects of
temperature variation, pH variation and selectivity test, the 10 mg/L initial I~ solution was used

with 120 min contact time and pre-determined BPA dosages.

The reusability of the PA-R4 was investigated using I~ adsorption-KOH regeneration
cycle. The dosage of 5 g/L was employed in the adsorption of 10 mg/L I~ until the equilibrium
was achieved. After separation, the used PA-R4 was submerged in 1 M KOH solution for 6 h
(about 3 times that of I~ adsorption time) while maintaining the same polymer dosage. The

regenerated PA-R4 was washed with DI water and employed for the next cycle of I~ adsorption-
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KOH regeneration. For each cycle, the final I~ concentration was quantified, and adsorption

efficiency was determined.
2.3 Results and discussion

2.3.1 Quaternized synthesis

4ATA was quantitatively synthesized by the photonic dimerization of a microbially-
derived molecule, 4ACA, which was thoroughly dried about 60 °C in vacuo, for a yield of over
99 mol%. The microbial products contained a small amount of water, but the water and a trace
amount of inorganic salts in the cultivation media can induce E-Z isomerization of 4ACA,
which disturbed the aimed-for reaction. The successive recrystallization of 4ATA over
charcoal was significant for quaternization, and polymerization required the accurate one-to-
one molar balance of diacid and diamine monomers. The yield of each step was more than 95%.

Q-4ATA as a final product appears as yellow crystals, as shown in Figure 2.1.

The formation of Q-4ATA was spectroscopically confirmed by *H NMR (400 MHz,
DMSO- ds), **C NMR (400 MHz, D-0) and ESI FT-ICR MS as shown in Figure 1. The *H
NMR spectra in Figure 2.2 show a strong singlet signal at & 3.62 ppm (s, 18H), which
corresponded to the CHs protons at the quaternary ammonium, together with double-doublet
signals at 6 3.92 and 4.40 ppm, characteristics of cyclobutane ring. Proton signals assigned to
benzene rings are shown in a lower magnetic field at 6 7.63 and 7.94 ppm, and there is a broad

carboxylate signal at 8 12.37 ppm.

13C NMR spectra in Figure 2.3 shows signals at & 40.6 and 46.2 ppm, depicting the 4
carbon atoms of the cyclobutene ring. A strong peak at 6 56.8 ppm corresponded to the 3 carbon
atoms of each quaternary ammonium group. The signals at 8 119.9, 129.3, 141.1, and 145.5
ppm exhibited the formation of the benzene rings, while the signal at 6 175.7 ppm signified the
existence of carboxylic acid groups. The ratio of integral values of all the signals is consistent
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with the calculated ratio of Q-4ATA protons and carbons. The ESI-FT-ICR-MS spectrogram
of Q-4ATA (Figure 2.4) depicted an adjusted peak of M?* that is equal to 206.11735, which

was found to be similar to the calculated m/z of 206.11756.

0 OH? water

" i e DMSO

8
chemical shift, 8, ppm

Figure 2.2 TH NMR spectrum of Q-4ATA
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2.3.2 Cationic biopolyamides

The Q-4ATA shows appreciable reactivity, to obtain various BPA with most of the
diamine yielding greater than 90%. The images for the synthesized BPA are shown in Figure

2.5, where PA-R2 was obtained as a white precipitate, and the other BPA were yellow.

Figure 2.5 Images of cationic BPA in fibril form. (a) PA-R1, (b) PA-R2, (c) PA-R3, (d) PA-

R4

The formation of BPA was confirmed by FT-IR/ATR spectra (Figure 2.6), showing
characteristic amide | and amide 1l bands at ranges of 1600-1700 cm™ and 1600-1500 cm™,
respectively. PA-R2 showed C-O-C stretching of the ether group at about 1215 cm™. Distinct
peaks were observed at 1150 and 1310 cm™ in PA-R3, which correspond to the S=O stretching
of the sulfone group. C=0 stretching was observed at 1730 cm™ in PA-R4, which corresponded
to the carboxylate ester group. *H NMR results of the BPA are shown in the Figure 2.7. While
the BPA still maintained the quaternary amines (6 2.5 - 3 ppm), the main chain signals for
amides and cyclobutene also appeared around 6 9.8 - 10.1 and 3.7 - 4.3 ppm, respectively. The

aromatics were observed with the signal range 6 6.5 - 7.3 ppm.
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Figure 2.7 *H NMR results of the cationic BPA. (a) PA-R1, (b) PA-R2, (c) PA-R3, (d) PA-R4
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The weight average molecular weight (Mw) of the BPA were confirmed with GPC,
which was found to be in the magnitude 10%g/mol (Table 2.1). Due to the high reactivity of the
monomers, PA-R4 acquired the highest Mw, while low solubility of R3 in NMP led to low Mw
for PA-R3. All the PDI values were about 2 and deemed acceptable for the condensation

polymerization experiment.®

Table 2.1 Thermal properties, molecular characteristics of cationic BPA and percent use of

renewable sources

GPC TGA DSC
percent use of
cationic BPA Mw Mn Tuy Tis Tito T, renewable
PDI sources (%)“
(x 10%) (x10%) O (°C) (O (°O)
PA-R1 1.74 0.705 2.47 245 271 296 162 78.1
PA-R2 1.21  0.469 2.58 185 280 303 ND 65.6
PA-R3 0419 0.177 2.37 199 269 297 ND 60.6
PA-R4 4.33 1.87 2.31 272 300 329 ND > 95
™
DO\;VS%X n/a n/a n/a ~60 ~70 ~100 n/a n/a

acalculated by the equation inset of Scheme 2.3

Mw — weight-average molecular weight, Mn — number-average molecular weight, PDI —
molecular weight distribution, Tq1 — temperature at 1% degradation, Tqs — temperature at 5%
degradation, Tq10 — temperature at 10% degradation, Tq— glass temperature, ND — not detected,

n/a — not available

2.3.3 Thermal analyses

The bridging amines (R1 — R4) and their rigid structure contributed to the thermal

properties of the polymer (as explained in the Experimental section). BPA in this research
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exhibited moderately high resistance against thermal decomposition. The plots of TGA curves
are shown in Figure 2.8. All types of cationic BPA exhibit temperature at 1% degradation (Tq1),
temperature at 5% degradation (Tas), and Tq10 in ranges of 185 — 272, 269 — 300, and 296 —
329 °C, respectively (Table 2.1). PA-R4 possessed the highest heat resistance with Tqio of
329 °C, and this may result from the cyclobutane of R4, which help to increase the rigidity of
the polymer structure. In contrast, according to the literature, the commercial polystyrene resin
for water treatment had a Tqi0 of approximately 100 °C 5, which was less than that of the
presented BPA. The glass transition temperature (Tg) for PA-R1 was detected by DSC to be
162 °C, while those of the others remained undetected, presumably because their values were

above the thermal degradation onset Table 2.1. The DSC curves are available in Figure 2.9.
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Figure 2.8 TGA curves of cationic BPA measured under nitrogen condition
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Figure 2.9 DSC curves of cationic BPA measured under nitrogen condition. (a) PA-R1, (b) PA-

R2, (¢) PA-R3, (d) PA-R4

2.3.4 Sustainability metric — use of renewable resource

As one of the sustainability metrics, the percent use of renewable resource was
calculated for all the BPA (Table 2.1). More than 99% was calculated for PA-R4 as it is solely
regarded as a fully bio-based polyamides. Both of its precursors (Q-4ATA and diamine R4)
were synthesized from the glucose-derived 4ACA. The other cationic BPA consist of more

than 50% of renewable resources in its structure.

2.3.5 Solubility

The solubility of Q-4ATA and BPA is summarized in Table 2.2, where the relative
polarity was taken from the literature.® The monomer and BPA were readily soluble in a strong
polar aprotic solvent such as DMAc, DMF, and DMSO. The relative polarity of the monomer

was assumed to be similar to that of methanol as it rapidly dissolved in the solvent. In ethanol,
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a small difference in the relative polarity between the monomer and solvent requires heat, for
complete dissolution. As an ionic salt, the monomer was expected to be soluble in water.
However, due to the relative polarity difference, heat is again required for the monomer to be

soluble in water.

Table 2.2 Solubility of Q-4ATA and cationic BPA

solvent (relative polarity?)

sample hexane toluene FEtOAc acetone DMAc DMF DMSO ethanol methanol water

(0.009) (0.099) (0.228) (0.355) (0.377) (0.386) (0.444) (0.654) (0.762) (1)

4£T_A - - - - ++ ++ ++ + ++ +
PA-R1 - - - - ++ ++ ++ - - -
PA-R2 - - - - ++ ++ ++ - - -
PA-R3 - - - - ++ ++ ++ - - -
PA-R4 - - - - ++ ++ ++ - - -

3 Empirical parameters stated in a previous study®?
- insoluble, + partially soluble (soluble upon heating), ++ soluble

2.3.6  Anion-exchange ability — potassium hydroxide treatment

To evaluate the I removal from the water by the cationic bio-polyamide groups, I” initially
attached to the synthesized BPA was exchanged with hydroxide ion (OH") (Figure 2.10a).
Before the anion exchange process, PA-R4 was found to have a clustered morphology with
5.8% of iodine element (I), observed in the elemental analysis (Figure 2.10b). After the KOH
treatment, [ was undetectable, while the potassium element (K) was present over the polymer
surface with 11.6% (Figure 2.10b,c). Subsequent washing with DI water spread out the fibrils
to show a uniform polymer surface morphology, and the reduction of I to 0.03% verified the

replacement of I by OH™ (Figure 2.10b,c). The full elemental composition can be found in the
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Appendix. The molecular weight of the KOH-treated BPA in Table 2.3 shows that the amide
bonds did not go through hydrolysis during the KOH treatment as the BPA retain the values of

Mw and Mn.

Figure 2.10 (a) Scheme for KOH treatment of cationic BPA (PA-R4), (b) PA-R4 surface
morphology before and after treatment, (c) elemental composition of PA-R4 by EDX for

tracking the anion exchange process

Table 2.3 Molecular weight characteristics of cationic BPA after the KOH treatment

GPC

cationic BPA Mw Mhn
4 5 PDI

(x10) (x10)

PA-R1 1.78 0.71 2.52
PA-R2 1.15 0.45 2.57
PA-R3 0.36 0.17 2.17
PA-R4 4.15 1.68 2.47
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Mw — weight-average molecular weight, Mn — number-average molecular weight, PDI —

molecular weight distribution

2.3.7 lodide removal

The I~ removal efficiency with a variation of BPA dosages is shown in Figure 2.11. An
increase in the cationic BPA dosage leads to greater I~ adsorption within 2 h of contact time.
At 2 g/L, all BPA can remove up to 50% of the 10 mg/L I in water. At 5 g/L, PA-R1, PA-R2,
and PA-R4 tend to remove 92 — 95%, while PA-R3 can remove 80% of the same I~
concentration. At a 10 g/L dosage, all BPA could remove 10 mg/L I~ from the solution except
PA-R3, which adsorbed about 95% of the initial concentration. Considering the limiting BPA
concentration, in the Kinetic experiment, a 10 g/L dosage was selected for PA-R3, and 5 g/L

was used for the other BPA.
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Figure 2.11 Dosage variation of cationic biopolyamide in removing 10 mg/L |- for 120 min

under room temperature

The I adsorption performance with a 3-hour contact period of the BPA is presented in

Figure 2.12a. The equilibrium time of contact was determined to be approximately 120 min.
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PA-R1, PA-R2, and PA-R4 showed a similar I~ removal pattern, with nearly 100% at
equilibrium. PA-R3 I~ adsorption efficiency reached the equilibrium within the same duration
but with a lower efficiency (almost 80%). At the optimum time, 0.8 mg/g adsorption capacity
was observed for PA-R3, while the other types of cation polyamides removed up to 2 mg/g
(Figure 2.12b). The lower efficiency of PA-R3, compared to that of other BPA, may be due to
its lower Mw. The molecular weight may affect the physical adsorption of I-, such that at a low
concentration, a higher molecular weight polymer allows for more coiling of polymer chains,

leading to entrapment of more |84
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Figure 2.12 I~ removal of cationic BPA over time using optimum dosage under room

temperature. (a) percent removal efficiency calculated by Equation 1, (b) adsorption capacity

The numerical values for linear fits of pseudo-order-reaction rates are tabulated in Table
2.4. The actual fitting of the first- and second-order can be found in Figure 2.13a and Figure
2.13Db, respectively. It was observed that the logarithmic plot for the I- removal of PA-R3 was
almost linear (R? = 0.994) with time, and therefore, followed the pseudo-first-order reaction.
The linear first-order kinetics depicted the anion-exchange reaction that was proportional to
only the amount of I-, and not the amount of adsorbent.® In contrast, PA-R1, PA-R2, and PA-
R4 fitted both order reactions, inferring that their adsorption mechanisms are influenced by the
amount of both the solute and the polymer.®® A combination of chemisorption and
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physisorption for the I~ adsorption by the bio-based cationic polymer could be deduced from

the results of the pseudo reaction order fitting.

Table 2.4 Derived parameters of the linear fitting pseudo-order reactions and isotherms for the

I- removal by cationic BPA

pseudo-first-order reaction”

pseudo-second-order reaction

b

d

Langmuir isotherm® Freundlich isotherm

catio

-IliC kI Qe k2 Qe KL qmax KF

BPA R? R? R? n R?
(L/min)  (mg/g) (g/mg/min) (mg/g) (L/’g) (mg/g) (L/g)

PA- -3

R1 0.046 1.64 0.952 7.60 x 10 2.57 0.971 n/a n/a n/a n/a n/a n/a

PA-

R2 0.033 1.42 0.987 0.051 2.50 0.988 n/a n/a n/a n/a n/a n/a

PA- 6

R3 0.012 0.92 0.994 7.36 x 10 30.6 0.565 n/a n/a n/a n/a n/a n/a

I;é‘_ 0.046 1.57 0.958 8.10x 103 251 0972 0.078 323 0.998 0.032 02 0977

aparameters calculated by Equation 2,

bnarameters calculated by Equation 3, °parameters

calculated by Equation 5, 9parameters calculated by Equation 6

n/a — not available
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Figure 2.13 Linear fits of pseudo-order-reaction for the I~ removal by cationic biopolyamide.

(a) first-order, (b) second-order
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PA-R4 was further tested for the batch experiment due to its performance, and the
maximum ¢ obtained from the experiment is about 30 mg/g (Figure 2.14a). The fit of linear
isotherm is depicted in Figure 2.14b, where the distribution coefficient (Kp) is calculated to be
7.58 L/g. The value was similar to that of various types of polystyrene-based resin.”® The
fittings of Langmuir and Freundlich isotherms are shown in Figure 2.14c and Figure 2.14d,
respectively. The gmax value of 32.3 mg/g yielded by the Langmuir model (Table 2.4) is found
to be similar to that of the mentioned experimental maximum ¢ (Figure 2.14a). In comparison
with other bio-based adsorbents from the literature, which were observed to remove I~ in
similar experimental conditions, the performance of the presented cationic BPA is deemed
acceptable. The reported values of gmax for copper-modified activated carbon and TiO2-Fe2Os-
PVA alginate beads were 1.91 and 20 mg/g, respectively.’% PA-R4 was best represented by
the Langmuir isotherm with an R? of 0.998 (Table 2.4 and Figure 2.14c ), which inferred that
there was a conformity of ion-exchange reactions in all sites of the cationic polyamide.®” With
an R? of 0.977 (Table 2.4 and Figure 2.14d), the Freundlich model too, can used to predict the
behavior of PA-R4. The model yielded 0.2 for n, which means the free adsorption energy is

constant throughout different I- concentrations.®’

The PA-R4 results for the 10 mg/g I~ adsorption efficiency at various temperatures are
shown in Figure 2.15a. At 20 °C, DOWEX™ 550 was found to be superior for |- adsorption,
as it has 100% I~ removal capacity, while PA-R4 I~ adsorption was up to 98%. An increase in
the temperature led to a significant loss in the 1= adsorption efficiency for the conventional
resin. In contrast, the BPA maintained their anion-exchange efficiency throughout the
measured temperature range, and the performance began to fall after 80 °C. From 40 °C, except
for PA-R3, the I~ removal efficiency of BPA started to surpass that of DOWEX™ 550. The
lower efficiency of the commercial-grade resin was may be attributed to the low thermal

stability of the polystyrene resin (Table 1.1). Moreover, the water absorption characteristics of
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the BPA may increase the OH- (H20)x clusters in the complex, subsequently preventing the
degradation of quaternary ammonium to further facilitate the uniform adsorption of the
dissolved impurities at a higher temperature.”>% This phenomenon was less observed in a

polystyrene-based material like Dowex™ 550, as reported during water immersion tests.®
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Figure 2.14 PA-R4 isotherm fits. (a) adsorption capacity over final I~ concentration, (b) linear

isotherm, (c) Langmuir isotherm, (d) Freundlich isotherm

All the cationic polymers exhibited the same trend of I~ removal efficiency in various

pH condition (Figure 2.15b). The highest removal was observed at pH 2 and remained stable

until about pH 7, where the decrease in I~ removal occurred. The acidic condition promoted

the sorption of I- by positive charges in the sorbents, while under high pH condition, the

presence of OH- would create a competition for iodine anions.®® While the performance of PA-

R1 and PA-R2 was drastically affected from the pH increase, especially from pH 10 onwards,
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PA-R4 and the commercial-grade resin were perceived to be stable with more than 80% I~

removal at pH 12.

The selectivity of PA-R4 for |- was briefly accessed (Figure 2.15c¢). In the presence of
other anions, PA-R4 could maintained the I~ removal efficiency above 70%. The adsorption
efficiency was most affected by SO4>. The efficiency of almost 100% was observed in the tap
water, while about 50% could be achieved in the seawater where numerous competitive anions

existed in high concentration.

Figure 2.15d depicted the reusability of the PA-R4 for 5 cycles. The I~ adsorption
efficiency was maintained above 90% in the second cycle. The fifth cycle of regeneration and

I- adsorption yielded an efficiency of less than 50%.

All in all, our research has produced a series of cationic BPA with high thermal
properties and ability to remove I~ from the water with a performance comparable to that of
conventional polystyrene resin and metal-inclusive adsorbents. The reusable PA-R4 is not only
considered to be fully bio-based, but its anion-exchange processes in the water were observed
to be stable throughout different temperature and pH. It also has a fair selectivity toward I~ and

is reusable after KOH regeneration.
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Figure 2.15 I- removal performance of BPA in different background conditions and

regeneration cycles. (a) temperature variation [20 — 90 °C], (b) pH variation [2 — 12], (c)

selectivity of PA-R4 for removal of I-, (d) performance of regenerated PA-R4 for 5 cycles. The

experiment was performed with 5 g/L BPA, 10 mg/L I-, and 120 min of contact time. The

regeneration by 1 M KOH took 6 h. The conventional cationic resin, DOWEX™ 550, was used

for comparison in the temperature and pH variation experiment
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2.4 Conclusions

A multifunctional molecule (Q-4ATA) was synthesized from the bio-derived exotic
amino-acid, 4ACA. The cationic monomer functionality was utilized to prepare a series of BPA
that was employed for removing |- from aqueous solution. All BPA consist of more than 50%
renewable source (sustainability metric) in its structure with PA-R4 having more than 99%.
The I- removal of the fully biobased PA-R4, from the experiment, g, and the Langmuir equation
fitting, Omax, Were calculated to be the maximum of the series at 30.0 and 32.3 mg/g,
respectively. With high thermal stability, the BPA surpassed the commercial polystyrene resin,
DOWEX™ 550, for I- adsorption performance at higher temperatures. The high solubility of
the BPA in aprotic solvents provides for easy processing despite a high glass transition
temperature. This research opens new horizons in bio-based synthetic polymers for the removal
of toxic ions from solutions. The successful I- removal indicates the importance of the continue
examination of cationic BPA to remove other anionic contaminants such as 10s-, F-, NOs?~ and
AsO.%. Further development in removing toxic ions demands the fusion of industrial

biotechnology and synthetic chemistry for creating more functional and advanced polymers.
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CHAPTER 3
Anionic biopolyimide metal hybrids for flame retardant and

thermostable transparent films

3.1 Introduction

Polymer transparent films are an essential material for wrapping, coating, and
separating materials in display devices, windows of buildings, and vehicles. Flame retardancy
IS an important property that improves the safety of film utilization. For the state of the art, we
still struggle to develop a flame retardant film that can balance properties such as thermal
degradation and mechanical strength. The hyperbranched polyphosphonate acrylate exhibited
high transparency at 450 nm (Tasonm ~80%) and an acceptable decomposition temperature of
5% weight loss (Tas 286 °C), but the film failed the Underwriters Laboratories vertical burning
standard test (UL-94V).%! The mix of poly(vinyl alcohol), ethylene glycol, and magnesium
hydroxide yielded a highly flame retardant (THR 3.7 kJ/g) and optical (Tsoonm >90%) film, with

a Tgs value of less than 250 °C.%

In the making of flame retardant polymer films, additives are required. These additives
act (physically or chemically) to interfere with heat transmission, thermal degradation,
pyrolysis, and ignition. Adding them can, however, affect other properties and undermine the
performance of the films. The added combination of lithium, aluminum, layered double
hydroxide, and 2-carboxyethyl phenyl-phosphinic acid helped to reduce the total heat release
(THR) of polylactide (PLA) from 12 to 9 kJ/g.*° However, the thermal stability and
transparency of the PLA film also decreased.*® Layer-by-layer assembly was employed to
introduce the natural flame retardant additive montmorillonite (MMT) into polymers such as

poly(allylamine) and polyethylenimine.®3°* In both cases, high mechanical strength and flame
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retardancy could be achieved, but the films yielded low thermal stability of about 250 °C for
the temperature at 5% weight loss (Tqs). An increasing amount of MMT also lessened the film

transparency.®®

Metal ions and metal hydroxides were used to improve the flame retardancy of
materials.?®%” While the direct mixing of metal flame retardants is conventional, the research
on flame retardancy of a metal-carboxylated film is still limited.?®*°® The formation of metal
carboxylate has been studied extensively for the alginate in the process of removing heavy
metals from water.1%%-192 The exchange of Na in the sodium alginate and multivalent cationic
metal ion produced an egg-box model for the metal-alginate. This led to opportunities to study
metal-alginates for further applications, especially the ones related to flame retardancy. Metal
alginate films (made from Ba?*, Zn?", Fe3*) exhibited excellent flame retardancy with a limited
oxygen index (LOI) of up to 52%, extinguished second burning time of less than 10 s (V-0
rating for UL-94 standard), and 12 W/g peak heat release rate (pHRR).2>2541 However, their
thermal degradation stability (maximum 188 °C Tgs) became a notable setback, while the

mechanical and optical properties were not reported.

Polyimide (PI) has been known for its mechanical strength and thermal stability.
Without an additive, an engineered Pl could demonstrate flame retardancy to a certain degree
due to the abundance of structural aromatic rings.’®® The addition of graphene, MMT, and
phosphorus elevated the flame retardancy of Pl with a maximum of 55% LOI and V-0 UL-94
rating.1%4-1% While the values associated with the thermo-mechanical properties remained high
(548 — 573 °C Ta10 and 133.5 — 146.3 MPa tensile strength), a mixture of Pl and boron

phosphate produced a film with transparency (Teoonm) Of 41.9 — 58.9%.10

Amino acid 4-aminocinnamic acid (4ACA) was obtained from sugar fermentation.® Its

bio-based Pl derivatives (BPI) could be cast into a series of flexible films with high-
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performance characteristics (Tq10 and tensile strength of up to 410 °C and 98 MPa, respectively),
comparable to those of the commercial P1.3” Due to the availability of the carboxylic acid side
chain, BPI with potassium ion (K*) attached to the carboxylate (COO) was previously
developed.®® This brought about the opportunity to create BPI-metal films by a metal-
scavenging technique. The metal carboxylate complexation can happen through the exchange
of K+ and multivalent metal ions. The latter may act as a flame retardant additive for the BPI-

metal film.

In the present study, high-performance BPI was employed to create a flame-retardant
BPI-metal film, preserving or enhancing the thermo-mechanical properties and optical
transparency. The films were synthesized with a complexation technique with AI** and Cu?".
The kinetic and thermodynamic properties were studied for the prepared complexes. The films
were characterized for thermal stability, mechanical properties, optical transparency, and flame

retardancy to determine the overall performance.
3.2  Experimental

3.2.1 Materials

4-aminocinnamic acid (4ACA, Compound 1 in Scheme 1) was prepared from glucose
according to the literature.3” N, N-dimethylacetamide (DMAc, Kanto Chemical Co., Japan)
was left in 4 A molecular sieves under a nitrogen atmosphere for 24 h before being used for
polymerization. 1,2,3,4-tetracarboxycyclobutane dianhydride (CBDA, Tokyo Chemical
Industries, Japan), hydrochloric acid (HCI, Kanto Chemical Co., Japan), sodium hydroxide
(NaOH, Kanto Chemical Co., Japan), potassium hydroxide (KOH, Kanto Chemical Co., Japan),

copper (I1) chloride dihydrate (CuCl,-2H,0, Ajax Finechem, Australia), and aluminum sulfate-

18-hydrate (Al2(SO4)3-18H20, Sigma-Aldrich, USA), were used as received.
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3.2.2  Monomer and polymer syntheses

The monomer and polymer syntheses are depicted in Scheme 3.1. A mixture of 4 g
ACA in 11 ml conc. HCI and 60 ml acetone was stirred for 6 h. The product, 4-aminocinnamic
acid hydrochloride (compound 2, yield 86%), was photodimerized under the irradiation of a
100-W high-pressure Hg-lamp with a 250 — 450 nm band-pass filter and an intensity of 2.7
mW/cm? (Omni Cure S1000, EXFO Photonic Solution Inc.). A complete photocycloaddition
(observed with 'H NMR) produced 4,4’-diamino-truxillic acid dihydrochloride dimer
(compound 3, yield 75%). Thereafter, the compound was dissolved in water, heated at 70 °C,
and purified with activated carbon. The pH of the solution was adjusted to 3 with 1 M NaOH.
A white precipitate of 4,4’-diamino-truxillic acid (4ATA, compound 4, yield 74.9%) was

obtained. 4ATA was dried in a vacuum oven for 6 h at 60 °C.

The polymerization was conducted with an equimolar mixture of 4ATA and CBDA,
left stirred in 2.5 ml dry DMAc under nitrogen. CBDA was chosen as it was observed to
produce a highly transparent product under the polycondensation reaction, and it was
developed from maleic acid, which could be bio-based.'"1% The formation of poly(amic acid)
was completed within 24 h. The viscous solution was cast onto a glass substrate and heat-
annealed for imidization at 150, 200, and 250°C (1 h interval) under an inert atmosphere. The
resulting BP1-COOH was dissolved in KOH solution with a 1:1 molar ratio of COOH: K. A
solution was produced and dropped slowly into ethanol where a white fibril of BPI-COOK was

formed. After the separation, the fibril was dried in a vacuum oven for 6 h at 60°C.
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Scheme 3.1 Monomer and polyimide syntheses
3.2.3 Complexation kinetics and thermodynamic

The syntheses of BPI-metal films are shown in Scheme 3.2. The BPI-COOK fibril was
dissolved in water to produce a viscous 50 g/L solution. The solution was cast onto a glass
substrate and dried at 40 °C on a hot plate. The resulting film had a thickness of 0.13 £ 1 mm.
A BPI-COOK film sample was cut to have dimensions of 200 x 500 mm. The metal solutions
were prepared with Alx(SO4)3-18H.0 and CuCl2-2H>O. The complexation equilibrium time
was determined by the kinetic experiment of BPI-COOK film submersion in 1 mol/L metal ion
(AP+and Cu?*) solution for 0 — 120 min. The metal ion concentration left in the solution after

the complexation was quantified. Equation 3-1 is used to determine the metal removal (%).

P —

° %100

Metal removal (%) =

l
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(3-1)

where, C; is the initial metal ion concentration (mol/L), and C. is the metal ion
concentration left in the solution after complexation (mol/L). The equilibrium time was taken

from a plot of metal removal over time, where the metal removal is stable.

E)Q_‘ -00C
"AP*"

AL(SO); (aq) ‘. ' . ;E[f‘}

Alj+

0 {00 00C  pprcoO0Al

n ”IO o

C“2+

C“2+
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L

BPI-COOK

BPI-COOCu

Scheme 3.2 BPI-COOAI and BPI-COOCu syntheses

An equilibrium time of 30 min (refer to Results & discussion section) was used to
observe the metal complexation in different metal ion concentrations. A BPI-COOK film
sample was submerged into 10 ml of 0.5, 1, 2, 4, and 6 mol/L metal ion solutions. BPI-COOAI
and BPI-COOCu were obtained. Depending on the concentration, the film was dissolved in the
metal solution, and/or a precipitate was formed. The separation of the solution and precipitate
was done by a filter paper (Whatman™ 11 um pore). If the film of BPI-COOAI and BPI-
COOCu formed without precipitation, they were removed from the solution directly. The

complexes were washed with DI water, dried in an oven, and used for further characterization.
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The metal ions were quantified using inductively coupled plasma atomic emission
spectroscopy (ICP-OES, Avio 200, PerkinElmer). The ICP-OES was set up as follows: 1.50
mL/ min peristaltic pump and auto-autosampler flow rate (with autosampler washed between

every sample), 20 s flush time, and 30 s normal time.

The thermodynamic properties for the metal complexation were measured under a
temperature-controlled environment of 298.15 — 338.15 K (25 — 65 °C), using a closed
incubator (NB205-V, N-BIOTEK). The thermodynamics values were determined for the
complexation with the metal solution with AI** and Cu?* concentrations of 0.05 — 6 mol/L. The
amount of metal bound to a unit of BPI, g (mol/g), and the metal concentration in the final
solution, Ce (mol/L), were obtained. These were used for the linear fit of the Langmuir model

(Equation 3-2) as recommended from the literature.'®

1 1 1

_|_
d  dmax Ki Ce Qmax
(3-2)

where Qmax IS the saturation binding capacity (mol/g), and K. (L/g) is the binding
constant. The thermodynamic parameters were obtained from the linear plot of Equation 3-3

and the calculation of Equation 3-4.

Lk — A AS
ML= TRT TR

(3-3)
AG = AH —TAS

(3-4)
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where AH and AS are the change in enthalpy (kJ/K/mol) and entropy (kJ/mol),
respectively. T is the temperature (K), and R is the gas constant (8.314 J/mol/K). AG is the

change in free energy (kJ/mol).

3.2.4 Characterizations

To analyze the changes in the functional groups after metal complexation, reflection
infrared spectra were obtained using an attenuated total reflection mode Fourier-transform
infrared spectroscope (ATR-FTIR, Nicolet iS50 FTIR Spectrometer, Thermo Scientific) from
400 to 4000 cm*. BPI-COOAI and BPI-COOCu from the complexation using 0.5, 1, and 2
mol/L metal ion were analyzed. BPI-COOH and BPI-COOK were also analyzed for

comparison.

The study of the metal oxidation state and the local structure in the BPI-metal complex
were done using X-ray absorption spectroscopy (XAS) at Beamline 5.2 (BL5.2), Synchrotron
Light Research Institute (Public Organization), Nakhon Ratchasima, Thailand. The electron
energy was 1.2 GeV. Due to the unavailability of the energy for Al in the facility, only BPI-
COOCu was subjected to this analysis. The resulted complexes of BPI-COOCu from 0.5, 1,
and 2 mol/L Cu?" were analyzed. XAS spectra were recorded by setting Cu as the probe element
(K-edge at 3609 eV). The Silicon (110) double crystals were utilized as a monochromator with
the transmission mode applied for the X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS). For EXAFS, the structure of CuH2(CO.).
was used as the fitting reference. The probable structure of BPI-COOCu was illustrated using

ChemDraw Professional 16.0 (PerkinElmer).

To minimize the metal waste, 1 mol/L metal ion solutions were used to create BPI-

metal films for further characterization unless stated otherwise (refer to the Results &
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discussion section for more information on the minimum metal ion concentration of film

complexation).

The tensile measurements were carried out for BP1-metal at room temperature with the

elongation of 0.5 mm/min on a tensiometer (Instron 3365, Instron).

The thermogravimetric analysis was performed on STA 7200 (TGA, Hitachi). The
sample weight was 6.00 £ 0.3 mg. To eliminate the excess moisture, the sample was left to dry
in a vacuum oven at 150 °C for 6 h. The pre-heated period in the TGA chamber was set at
100 °C for 30 min. TGA was measured under a nitrogen atmosphere at 25— 800 °C. The heating

rate was set to 10 °C /min with a 10 min holding time.

The optical transparency was measured by an ultraviolet-visible (UV-vis)

spectrophotometer (Lambda 25 UV/vis, Perkin-Elmer) at room temperature for 200 — 800 nm.

The comparative burning characteristics of the polymers were measured using the 20-
mm vertical combustion test (UL-94V, IEC60695-11-10B method, ASTM D3801 standard,
Dainihon Jyushi Kenkyujyo Corporation). A test piece with dimensions of 125 x 13 mm was
mounted vertically on a clamp. It was burned by a 20-mm indirect flame for 10 s with cotton
placed under the sample. The dripping and the cotton ignition were observed for each sample.
A test piece was burned twice, and each time, the burning time was recorded. t; and t, are
defined as the recorded time after 10 s of the first and second burning, respectively. tz is the
glowing time after the second burning. There were 5 repetitions performed, giving a kind of
BPI, and the longest t1 and t> were taken into consideration. A UL-94V rating was assigned to
the polymer. V-0 was the rating for a polymer with a t> of less than 10 s, and no dripping
observed. V-1 was given to a polymer with a t2 of less than 60 s, and no dripping observed. V-

2 was assigned to a polymer with a t> of less than 60 s, and dripping was observed. The rating
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was assigned as “fail” if the flame reached the top of the sample piece or t> was more than 60

S.

Due to the laboratory-scale production of the films, cone calorimetry was unsuitable
for this study. Instead, microscale combustion calorimetry (MCC, FMVSS302 instrument set,
Dainihon Jyushi Kenkyujyo Corporation) was performed with 0.8 + 0.02 mg of the sample.
The set-up temperature range was 75 — 800 °C with a 0.8 °C/sec heating rate. Nitrogen and
oxygen flows were adjusted to approximately 80% and 20%, respectively. The gas temperature

was controlled at 19 — 21 °C. BPI-COOK and BPI-COOH were used as references.

The char residues of BPI-COOAI and BPI-COOCu were analyzed for polymer flame
retardant characteristics and mechanisms. The films were burned in an open-air oven at 800 °C.
The sample weight was 0.1 = 0.01 g. The char residues were analyzed at room temperature
using a Raman spectrometer (NRS-4100, Jasco) equipped with a green laser (532.248 nm). The
topography of the char residues was studied by a scanning electron microscope (SEM, JEOL
JSM-7800F, JEOL) with 15 kV of accelerating voltage. The SEM was equipped with an
energy-dispersive X-ray spectroscope (EDX), which was used to perform elemental
composition on the same set of samples. BPI-COOAI and BPI-COOCu films and their
respective char residues were analyzed by X-ray photoelectron spectroscopy (XPS, Shimadzu
Kratos AXIS-ULTRA DLD instrument, Kratos) equipped with monochromatic Al-Ka

radiation. The change in the metal oxidation before and after burning was used for comparison.

3.3 Results and discussion

3.3.1 Metal complexation and thermodynamic

The metal removal (calculated by Equation 3-1) over time (min) is exhibited in Figure
3.1a. Both complexation systems had an equilibrium at about 30 min, where the metal removal
became stable. With 1 mol/L initial metal ion concentration, BPI can bind more with Cu?*
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(more than 90% Cu?* removal) than AI** (more than 80% AI** removal). g, the amount of metal
(bound to a unit of BPI (g/mol) was used to plot against Cj, initial metal ion concentration
(mol/L), and the graph is depicted in Figure 3.1b. For both complexation systems, while q
started to stabilize at 2 mol/L Ci, BPI-COOAI and BPI-COOCu films could be obtained at a C;
of 1 mol/L. With a C; of less than 1 mol/L, the metal ions were not concentrated enough, and
the submerged BPI-COOK film was observed to scatter in the metal solution, forming
precipitates. As a result, 1 mol/L was used as the minimum metal ion concentration for BPI-
metal complexation. The actual images of BPI-COOAI and BPI-COOCu made from 1 mol/L

Ci are shown in Figure 3.1c. The thickness of the films was 0.143 + 0.015 mm.
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Figure 3.1 Kinetic study of metal complexation. (a) metal removal (%) calculated by Equation
1 over time for 0 — 120 min of BPI-COOK submerged in 1 mol/L AI** and Cu?* solution, (b)
batch experiment of BP1-COOK submerged in 0.5 — 6 mol/L AI** and Cu?* solution for 30 min.
g is the amount of metal bound to a unit of BPI (mol/g), and C; is the initial metal ion

concentration (mol/L).
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Figure 3.2 BPI films made from 1 mol/L metal ion. (a) BPI-COOAI, (b) BPI-COOCu

The graphs of g (mol/g) vs. Ce (mol/L) for 25 — 65 °C and the linear fitting of the
Langmuir isotherm (Equation 3-2) are found in Figure 3.3. The capacity of metal complexation
decreased as the temperature increased (Figure 3.3a-b), and the R? values for the Langmuir
isotherm fittings are 0.999 (Figure 3.3c-d). This reflected the exothermic reaction, which
corresponded to the negative values of AH and AS (Table 3.1). The parameters of

thermodynamics (calculated by Equation 2-4) are displayed in Table 3.1.
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Figure 3.3 Graphs for thermodynamic parameters. (a) g (mol/g) over Ce for BPI-COOAI, (b) q
over Ce for BPI-COOCu, (c) Langmuir linear fittings of BPI-COOAI, (d) Langmuir linear
fittings of BPI-COOQOCu. q is the amount of metal bound to a unit of BPI (mol/g), and Ce s the

final metal ion concentration (mol/L)
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Table 3.1. Thermodynamic parameters of BPI-metal complexation conducted by submerging

BPI-COOK into 1 mol/L of AI** and Cu?* solution under various temperature

sample T(K)? KL(L/g) AHE(kJ/mol) AS®(kJ/K/mol) AGY (K/mol)
298.15 7.55 -4.97
308.15 6.50 -4.83
BPI-COOAI -9.02 -0.0136
318.15 5.80 -4.70
338.15  4.89 -4.43
298.15 15.3 -6.66
308.15 11.5 -6.37
BPI-COOCu -15.2 -0.0288
318.15 9.73 -6.08
338.15 7.26 -5.51

metal ion solution temperature controlled by closed incubator, °calculated by Equation 3-2,

‘calculated by Equation 3-3, %calculated by Equation 3-4.

The ATR-FTIR spectra, focusing on the fingerprint region of BPI-COOAI and BPI-
COOCu, are shown in Figure 3.4. The full spectra can be found in the appendix. BPI-COOH
and BPI-COOK were used for comparison. A high-intensity band of carboxylic acid stretch
(1690 — 1750 cm™) could be observed in BPI-COOH. In contrast, the deprotonated carboxylic
acid stretches (1540 — 1650 cm™and 1300 — 1420 cm™) appeared in the spectra of BPI-COOK,
BPI-COOAI, and BPI-COOCu. Such alteration could be explained by metal-carboxylate
coordination. The same phenomenon was reported when the alginic acid formed metal-alginate
in a metal solution.?®> The increase in Cu®* led to a higher intensity of the deprotonated
carboxylic acid stretches of BPI-COOCu, while the opposite occurred in the system of Al** and
BPI1-COOAI. A band corresponding to C-N aromatic amine at about 1300 cm™ appeared in all
kinds of polyimides, but a weaker intensity could be observed in BPI-COOAIl and BPI-COOCu.

The bands at 1050 and 550 cm™ correspond to sulfur from the added Al2(SO4)s (Figure 3.4a).
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Figure 3.4 FTIR spectra in the fingerprint region of BPI-metal complex made from various
metal ion concentrations with the spectra of BPI-COOH and BPI-COOK as references. (a) BPI-

COOAI, (b) BPI-COOCu

XANES data of the Cu K-edge can be found in Figure 3.5a. The characteristic
absorption edge was observed at about 8995.52 — 8996.63 eV, with no pre-edge peaks. This
coincides with the previously reported XANES results of Cu? in Cu(OH)..1° The graph of
transformed K-space/R-space Figure 3.5b, while the EXAFS fits data for Cu K-edge is
displayed in Table 3.2. The fitting of all samples yielded values of R-factor (fractional misfit)
below 0.02. The local structure focused on Cu atom with radial distances taken from the fit of
BPI-COOCu (Table 3.2) is illustrated in Figure 3.6. The distance between the single-bonded O
atoms of carboxyl groups and the Cu atom is 1.94 A. With respect to the Cu atom, the carboxyl
C atom and double-bonded O atom are located at 2.85 and 4.26 A, respectively. The local
structure displayed monodentate metal-carboxylate formation. This was also the case for Cu?*
and o-L-guluronate anions of alginates.*'! For both complexes, AI** and Cu?' attract the
surrounding water molecules to achieve a stable geometry since the BPI has no other available

hydroxy! groups (except on the carboxylate).' 2113
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Figure 3.5 XAS of BPI-COOCu at Cu k-edge. (a) XANES, (b) EXAFS K-space and R-space

Table 3.2 BPI-COOCu EXAFS fit with the model structure of CuH2(CO3)2

sample Path N S? & RA) 24y fagéra
Cu-O(1) 6 0901 2932 1930 001188
BPI-COOCu Cu-C(1) 4 0901 2932 2826 0.01873
(05mol/LCu) Cu-0(1)-C(1) 8 0901 2932 3008 001919 0%
Cu-0(2) 4 0901 2932 4259 0.00478
Cu-O(1) 4 0968 3338 1.943 0.00644
BPI-COOCU Cu-C(l) 4 0968 3338 2854 0.04017
(Imol/LCu®)  Cu-0(1)-C(l) 8 0968 3338 3055 001912 O902
Cu-0(2) 4 0968 3338 4045 001203
Cu-O(l) 6 0944 9767 2014 001275
BPI-COOCu Cu-C(1) 4 0944 09767 3.167 0.00656
@mol/LCu®)  Cu-0(1)-C(1) 8 0944 9767 3201 001101 OO0
Cu-0(2) 4 0944 9767 4314 001704

&fractional misfit

N — coordination number, So? — amplitude reduction term, e°— energy shift (where k = 0), R—

near-neighbor distance, 6> — mean-square disorder in R
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Figure 3.6 Local structure at Cu atom of BPI-COOCu made from 1 mol/L Cu? initial

concentration

3.3.2 Thermo-mechanical properties, optical transparency, flame retardancy

The actual stress-strain curves of BPI1-metal complexes are shown in Figure 3.7, while
the TGA weight loss graphs are displayed in Figure 3.8. The UV-vis spectra of transmittance
are shown in Figure 3.9. Heat release rate (HRR) results from the MCC tests are plotted against
time and temperature, which are all displayed in Figure 3.10. The essential parameters of
mechanical properties, TGA, and optical transparency are tabulated in Table 3.3, while those
related to flame retardancy can be found in Table 3.4. For comparison, these tables also contain
the information from the selected studies that examined flame retardancy of the functional

polymer film with MCC tests.

BPI-COOAI and BPI-COOCu exhibited a tensile strength of 64 and 47 MPa,
respectively (Figure 3.7 and Table 3.3). BPI-COOAI showed an improvement in tensile
strength compared to that of BPI-COOK (47 MPa) in this study and BPI (46 MPa) in a previous
study.®® The enhanced tensile strength in BPI-COOAI may arise from the electrostatic
interactions between AI** and COO". However, the value of elongation for BPI-COOAI (11%)
and BPI-COOCu (8.8%) decreased, compared to that of BPI-COOK (14%) (Table 3.3). This

suggested the lessened elasticity and elevated stiffness in BPI-metal complexes, which is also
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indicated by Young’s modulus values. The tensile strengths of BPI-COOAI and BPI1-COOCu
were acceptable, compared to the flame retardant polymer film from the literature in Table 3.3
and elsewhere.!'#11> Nevertheless, the mechanical properties can still be improved to match

the other flame retardant films with a tensile strength above 100 MPa.106:116
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Figure 3.7 Stress-strain curve of BPI-COOAI and BPI-COOCu films with BPI-COOK as a

reference
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Figure 3.8 TGA weight loss graphs of BPI-COOAI and BPI-COOCu with BPI-COOH and

BPI-COOK as references
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Figure 3.9 UV-vis spectra for film transmittance of BPI-COOAI and BPI-COOCu with BPI-
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Figure 3.10 MCC curves of BPI-metal complexes. (a) HRR over time, (b) HRR over

temperature

In term of thermal stability, BPI-COOAI and BPI-COOCu were presented with higher

temperature of 5% (Tas) and 10% decomposition weight loss (Tq10) than those of their

precursors (Table 3.3). The values are acceptable when compared to those of other flame

retardant films in Table 3.3 and elsewhere, which Tgs or Tqi0 N0t exceeding 400 °C.%3%8.114

Nevertheless, other film flame retardant functional polymer, that possessed Tas or Tq1o Well

exceeding 400 °C also existed.'%410¢
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The characterization of transparency showed 75% transmittance at 400 nm (Ta400) and
83% transmittance at 450 nm (Taso) for BPI-COOAI, which were lower by a small extent than
the values of BPI-COOK and BPI-COOH (Table 3.3). BPI-COOCu yielded 6% and 38% for
Ta00 and Taso, respectively. This occurred due to the absorption of light by the colored Cu?t
complex (Figure 3.2). However, the transmittance spectrum of BPI-COOCu (Figure 3.9)

displayed the characteristics of a green filter with 68% transmittance at 518 nm.**’

According to Table 3.4, BPI-COOAI and BPI-COOCu were rated V-0 for the UL-94V
test, while BPI-COOK was rated V-1 because its t> was higher than 10 s. BPI-COOH failed the
UL-94V test as the flame reached the top of the film in its initial burning (Table 3.4). The UL-
94V test showed that metal complexation for BPI films could prevent the spreading of flames.
In the video provided in the supporting material, a polypropylene film was used as a control in
the UL-94V test, and dripping was apparent when it was burned. In contrary, BPI-COOAI,
BPI-COOCu, and BPI-COOK did not experience dripping during the test. The cotton did not

catch fire in all cases.

The value of time to ignition (TTI) shows that BPI-COOAI could suppress fire until
coming to ignition at 427 s (Table 3.4). The MCC test comparison of various flame retardant
polymer films in Table 3.4 shows that BPI-COOAI exhibited the lowest THR and heat release
capacity (HRC) at 4.5 kJ/g and 23 J/g-K, respectively. The film had 18.9 kJ/g pHRR at a
temperature (Tp) of 615 °C (Table 3.4). These values demonstrated the ability of BPI-COOAI
to suppress heat effectively at high temperatures during a fire. For BPI-COOCu, its THR of 15
kJ/g was less than that of BPI-COOH (21 kJ/g). However, BPI-COOCu (116 W/g) also
possessed a higher pHRR than that of BPI-COOH (95.8 W/g). The values of TTI inferred that

BPI-COOCu ignited at 278 s, which was earlier than BPI-COOH (354 s).

61



During the thermal degradation of a material, the heat spread, and amount of volatile
materials control the formation of graphitized char. As a result, the phenomenon can be used
to assess flame retardancy. From the Raman shift, the intensity of the D peak (disordered char
of Aiq vibration mode) at 1380 cm™ over the intensity of the G peak (Ezq vibration of the
aromatic layers in graphite crystalline) at 1600 cm™ (Ip/lg) is assumed to be inversely
proportional to the in-plane microcrystalline size and in-plane phonon correlation length of the
char layer.t*®120 The Raman shift in Figure 3.11 shows that BPI-COOAI, BPI-COOCu, and
BPI-COOK char have Ip/lg values of 1.71, 1.55, and 1.14, respectively. This infers that BPI-
COOAI char residues possessed a smaller size of carbonaceous microstructures than those in
the other films. The small microcrystalline size was related to the shielding effect of heat
transfer, leading to more efficient flame retardancy.®®?! This is also reflected in the SEM
images, where the small carbonaceous size of BPI-COOAI char residue resulted in visibly
homogenous and smooth surface morphology (Figure 3.12). BPI-COOCu has a loosely
compacted structure while holes can be observed on the surface of BPI-COOK (Figure 3.12).
The chemical composition of the char residues from the EDX analysis is tabulated in Table 3.5.

Cuand Al still exist in their respective char residues.
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Table 3.3 Comparison of thermo-mechanical properties and optical transparency of various bio-based flame retardant films

mechanical properties? TGAP optical transparency®
sample tensile strength  moduli  elongation T Tas Ta0 char yield Taoo Taso ref.
(MPa) (GPa) (%) C)® (0  (°C)F (%)° (%)’ (%)’
BPI-COOAI 63.7 0.573 11.0 355 407 431 32.7 75 83
BPI-COOCu 47.1 0.607 8.81 321 390 425 58.3 6 38 this
BPI-COOK 46.8 0.372 13.8 327 360 378 56.3 80 86 work
BPI-COOH n/a 325 381 403 0 84 86
PVC/ZnO coated with
poly(amide-imide) (C- 41.7 1.49 3.60 n/a 213 244 18.3 n/a 122
PPN 2)
PVA/ Mg(OH)> g g 92
(PVA/NMH-10phr) n/a n/a 217 n/a 34.2 97 97
n/a
PVA/graphene/
chitosan 6.45 76.5 n/a n/a 123

(PVA/CS/RGO-0.8%)



PLA/NI/AI/ layered

g g h 40
double hydroxides n/a n/a 250 300 n/a 65
epoxy acrylate resin/
hyperbranched n/a n/a 286 n/a n/a 809 859 ol
polyphosphonate
acrylate (EA/HPA-3)
alginate/ Zn(Cl); n/a n/a 80 n/a n/a n/a 26
soybean oil/ PE/ n/a n/a 341 n/a 3.3 n/a 124

DOPO-HQ (E30-P6)

€9

34parameters obtained from tensiometer at room temperature, "thermogravimetric analysis scanned at a heating rate of 10 °C/min under nitrogen
atmosphere, ©1%, 5% and 10% weight loss temperatures, %char residue left at the end of TGA, ®measured by UV-vis spectrometer, ‘transmittance

measured by ultraviolet-visible spectrometer, 9value estimated from the figure in the literature, "ASTM D 1003 standard

Ta1 — temperature at 1% degradation, Tqs — temperature at 5% degradation, Tq10 — temperature at 10% degradation, T4o0 — transmittance at 400 nm,

Taso — transmittance at 450 nm, n/a — not available
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Table 3.4 Comparison of flame retardancy tests of various bio-based films

UL-94V2 MCCP
sample oting 0 Lt goo . ooigniing  TTI pHRR  THR  HRC Ty ref.
9 ) 6 ) PPN coton (s) (Wlg)  (kVg) (g-K) (°C)
BPI-COOAI VO 1 0 25 no no 427 18.9 45 23 615
BPI-COOCU VO 0 0 60 no no 278 116 14.6 144 632 his
work
BPI-COOK V-l 7 14 2 no no 251 634 13.3 791 321
BPI-COOH fail 354 95.8 21.3 121 593
PVC/ZnO coated with 122
poly(amide-imide) (C-PPN 2) n/a n/a 86.9 6.1 105.2 n/a
PVA/ Mg(OH)z (PVA/NMH- nia n/a 332 7.3 198 264 %
10phr) '
PV A/graphene/ chitosan n/a n/a 85 12 n/a 950 123

(PVA/CS/RGO-0.8%)



99

PLA/NI/Al/ layered double

hydroxides n/a

epoxy acrylate resin/
hyperbranched
polyphosphonate acrylate
(EA/HPA-3)

fail

alginate/ Zn(Cl): V-0 nf/a nfa nla no no

soybean oil/ PE/ DOPO-HQ

_ncC c
(E30-P6) VTM-2 2 yes yes

n/a

n/a

n/a

n/a

400

167

17.1

175

9.7

13.7

n/a

16.5

n/a

166

n/a

162

n/a 40
n/a a
423 26
415 124

4IEC60695-11-10B method, ASTM D3801 standard vertical combustion test (refer to the Experimental section for the parameters definition),

bmicroscale combustion calorimetry, *GB/T 15903—1995 standard

TTI — time to ignition, PHRR — peak heat release rate, THR — total heat released, HRC — heat released capacity, Tp — temperature at pHRR, n/a —

not available
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Figure 3.11 Raman spectra of BPI-COOAI and BPI-COOCu char residues were burned in an
open-air oven at 800 °C with that of BPI-COOK as a reference. Characteristic intensity of
disordered char (D peak at 1380 cm™) and graphite crystalline (G peak at 1600 cm™) with their

fraction (Ip/lg) inversely proportional to microcrystalline size
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Figure 3.12 SEM images magnified at 100 and 30 pum of BPI-COOAI and BPI-COOCu char

residues with that of PI-COOK as a reference

Table 3.5 Elemental composition of of BPI-COOAI and BPI-COOCu char residues with that

of BPI-COOK as a reference

elemental composition (%)
C ) N Cl K Cu Al Total

BPI-COOAIl  62.9 20.9 ND 2.2 13.4 ND 0.6 100

char residues

BPI-COOCu 374 33.9 ND 0.7 14.0 14.0 ND 100

BPI-COOK 35.2 64.8 ND ND ND ND ND 100
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3.3.3 Mechanism of flame retardancy

The fitting of Al2p XPS spectra for BPI-COOAI in Figure 3.13 was adopted from the
literature.'? The results showed AI(OH)s from AIP* of aluminum carboxylate (~74 eV) as the
main species in BPI-COOAIl. The BPI-COOAI char residue contained Al(OH)3z and Al-O from
Al;O3 (~73.7 eV). The latter was formed according to Equation 3-5 with the O, from the
atmosphere. H may also come from the atmosphere or the degradation of cyclobutene and

benzene rings in the BPI structure.

5 A
2Al + EOZ + 4H - Al,05 + 2H,0

(3-5)

The mechanism in Figure 3.13 shows that an Al,Oz char layer formed and prevented
the spreading of heat. Moreover, the water molecules released during the reaction suppressed

smoke, prevented access to O, and provided further support for flame retardancy.

BPI-COOAL
T3 X X
‘ - 000000303000
char residue ‘ ‘ . 5 . % ‘ ‘.
—raw data
_____ fitting 02 02 HZO &
background ‘ ‘
Al-O
—— Al(OH) ] 'l
A vap—y = T T R = Ve T T = ’A1203

80 78 76 74 72 70 68
Binding energy (eV)

Figure 3.13 Proposed flame retardant mechanism of BPI-COOAI. (a) Al2p XPS spectra, (b)

flame retardant mechanism diagram
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XPS spectra of BPI-COOCu, focusing on the Cu2p3 region, is displayed in Figure 4c.
The results show that CuO from the carboxylation of Cu?* is the main species of BPI-COOCu.
Cu20 was observed in the film char residue. This suggests that the Cu2O char layer is an
intumescent material during burning (Figure 3.14). The accumulation of the char layer can also

be explained by Equation 3-6.

A
4Cu0 > 2Cu,0 + 0,
(3-6)

In the formation of Cu2O at high temperatures, a previous study revealed that about
10% oxygen (O2) was created in the process.'?® Cu,0 could act as an intumescent material that
prevented the transfer of heat, but the addition of O> promoted fire. This resulted in a lower
flame retardancy of BPI-COOCu as compared to BPI-COOAI. The phenomenon may be

responsible for the high value of tz in the UL-94V standard test (Table 3-4).

BPI-COOCu
. ’ //' ’
char residue
¢4 Qw/ © - %9,
(0% 7 0o,
0, 0, @ \
¢ Cuo
955 945 935 925 & Cu,0

Binding energy (eV)

Figure 3.14 Proposed flame retardant mechanism of BPI-COOCu. (a) Cu2p3 XPS spectra (b)

flame retardant mechanism diagram
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3.4 Conclusion

The carboxylic acid side-chain group of BPI-COOH was modified by neutralization
with KOH to form a potassium salt, BPI-COOK. Complexation by an exchange of K* into
targeted multivalent metal ions (AI**and Cu?) was determined to be an exothermic reaction.
Films of BPI-COOCu and BPI-COOAI salts were obtained. When compared to the values of
the polymer films in the literature, BPI-COOCu and BPI-COOAI were suitable as flame
retardant materials. Both films were rated V-0 for the UL-94V test. The THR value (4.5 W/g)
of BPI-COOAI was lower than those of BPI-COOH, BPI-COOK, or other polymer films
reported in the literature. BPI-COOAI had a Tq10 of 431 °C and a tensile strength of 64 MPa,
exhibiting an improvement of thermo-mechanical properties by metal substitution, as
compared to BPI-COOK. The Taso transparency value (83%) of BPI-COOAI was preserved
after the metal substitution. A probable mechanism of flame retardancy was proposed. The
Cu20 and AlbOs char layer, formed during the material degradation, functioned as an
intumescent material to suppress the transfer of heat and promoted flame retardancy. Further
study should consider the minimization of metal concentration and incorporation of
environmental-friendly additives into the molecular design to create a high-performance film.
In addition, the metal-scavenging BPI could also be employed for removing toxic metal ions
from a water environment. The development of thermo-mechanically and transparent
biopolyimide films with enhanced flame retardancy serves as a new opportunity to create more

efficient materials for electronic displays and light-weight films, for a sustainable society.
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CHAPTER 4
Biopolyimide and europium ions composites as photoluminescent

sensor for volatile organic compounds detection

4.1 Introduction

Activities in the household and industry have been causing the excessive amount of
volatile organic compounds (VOCSs) in indoor environments. These VOCs are known to be
responsible for many diseases.'?”12° As a result, the ongoing researches aim to solve VOCs-
related problems include the technologies that remove as well as monitor a certain amount of
the compounds.3%-132 For a better living and health risk reduction, it is essential that the VOCs

are well-monitored and kept within the minimal level.

VOCs monitor could be done by employing materials that could act as sensors. The
sensor mechanism relied on the chemical reactions or change in the physical structure of these
materials after interacting with target VOCs. The change can be detected by the systems such
as electrochemical,*31% surface acoustic wave,'® and colorimetric.*®*3" One of the most
studied systems is the metal oxide semiconductor, which the nanoscale metal oxides (SnOa,
In203, ZnO, TiOy, and others and their combinations) were coupled with semiconductor

systems to detect several species of VOCs. 13813

The photoluminescence has been used for VOCs detections. Photoluminescence is a
process which an electron of the molecules went into electronic excited state by adsorbing
photon. When the electron returns to lower energy states, the photon is emitted making the
molecules glow. The technique offers advantages in metallic impurities avoidance due to the

electrical contacts between material structures and real-time information based on the change
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in the photoluminescence spectra.'®® After contacting VOCs, the centers of material may

experience intensity quenching (decrease) or enhancement (increase).

Rare earth metal cations such as europium (Eu®%) and terbium (Tb®") are two of the best
candidates for photoluminescent due to their suitable transition energy gap [AE = 12300 (°Do
— 'Fg) and 14800 (°Do — Fo), respectively].}*® However, the cations themselves possess a
weak f-f transitions due to the shielding of the 4f orbitals by the filled 5s and 5p® sub-shells.!*
As a result, the cations are chelated by the chromophore-containing group (NH and CO) which
can transfer energy to the cations. Many studies concentrated on lanthanide-based metal-
organic frameworks (Ln-MOF) as the materials for photoluminescence VOCs detections. The
inclusion of Eu®* into bpy-UiO frame work [Zrs(ns-0)a(OH)4(2,2-bipyridine-5,5-dicarboxylic
acid)12] displayed emission bands at 590, 613, 653, and 701 nm (355 nm excitation) which
quenched or enhanced in the presence of benzene, toluene, o-xylene, m-xylene, p-xylene,
ethyloenzene, chlorobenzene, and benzonitrile.!*?> Ln-MOF of 4-carboxy-1-(4-
carboxybenzyl)pyridinium chloride containing Th** were used to monitor many VOCs with
acetone detection resulted in quenching at the luminescent centers (489, 544, 582, and 619
nm).* The quenching of acetone by the mentioned Ln-MOF was recycled for 5 cycles through
methanol washing.  The double system framework of hexa-(4-carboxyl-phenoxy)-
cyclotriphosphazene containing Eu®* and Th** had its emission intensity bands quenched after
sensing styrene gas (from ~ 1000 to almost O a.u. in 240 s).}*2 Ln-MOF and its
photoluminescent ability have also been studied for pH, temperature, and ions sensing.'#*
Beside Ln-MOF, a complex of alginate and Eu** was used for VOCs sensing, which its

emission bands (594, 617, 650 and 698 nm) were affected by different solvents.1#°

The monomer created from sugar fermentation, 4-aminocinnamic acid (4ACA), was
developed, and its derivative bio-based polymers exhibited excellent thermo-mechanical
properties.®”*® The modification of bio-based polyimide (BPI) would resulted in carboxylic
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acid on its side chain. The polymer becomes a potential photoluminescence green material for

VOCs sensor if complexified with rare earth metal cations.

In this study, we created an organic/inorganic complex (BPI-COOEu) with the
modification of BPI-COOH derived from 4ACA. Eu ion (Eu®") was chosen in this study due
to its transition energy gap mentioned above. It emitted orange-red light and had one of the
longest fluorescent lifetimes (9.67 ms) among the lanthanide ions (Gd ion exhibited the longest
lifetime but was considered unsuitable due to its UV emission). The BPI-COOH was
neutralized with KOH to form BPI-COOK. The complexation forming BPI-COOEu was
achieved with an ion-exchange between K+ and Eu®*. BPI-COOEU, in the form of film, was
characterized for its photoluminescent property. It was also briefly tested for VOCs sensing
ability, in which the luminescent centers were quenched or enhanced, depending on the types

of VOCs.
4.2  Experimental

4.2.1 Materials

4-aminocinnamic acid (4ACA) was prepared from bacterial fermentation of sugar
according to the methods presented previously. N, N-dimethylacetamide (DMAc, Kanto
Chemical Co., Japan) was left in 4 A molecular sieves under nitrogen atmosphere for 24 h
before being used for polymerization. 1,2,3,4-tetracarboxycyclobutane dianhydride (CBDA,
Tokyo Chemical Industries, Japan), hydrochloric acid (HCI, Kanto Chemical Co., Japan),
sodium hydroxide (NaOH, Kanto Chemical Co., Japan), potassium hydroxide (KOH, Kanto
Chemical Co., Japan), europium chloride (EuClsz, Kanto Chemical Co., Japan) were used as
received. The solvents used as VOCs were obtained from Kanto Chemical Co., Japan, and

these include acetone, ethanol, ethyl acetate, hexane, and methanol.
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4.2.2 Monomer and polymer syntheses

4,4’-diamino-truxillic acid (4ATA), BPI-COOH, and BPI-COOK was synthesized
according to the experimental section of CHAPTER 3 (p 45). BPI-COOK was obtained in fibril

form and was kept in a closed environment for further use.

4.2.3 Biopolyimide-europium complexation

Scheme 4.1 illustrates the synthesis of BPI-COOEu from BP1-COOK. A solution of 50
g/L BPI-COOK was produced from dissolving BPI-COOK in DI water. BPI-COOK film was
made by the method of solution casting on a glass substrate. After drying at 40 °C on a hot
plate, the film of thickness 0.13 = 1 mm was obtained. A BPI-COOK film sample was cut to
have a dimension of 100 x 300 mm before being submerged into a metal solution prepared with

EuCls.
E)Q: 00C

coo- 0
M O ;ﬁ%
COO" 0] O In

BPI-COOK ,,..Eg;*oc
CoO
ke ke

BPI-COOEu

Scheme 4.1 Synthesis of BPI-COOEu

The complexation equilibrium time was determined by the kinetic experiment of BPI-
COOK film submersion in 1 mol/L Eu®* solution for 0 — 120 min. The metal ion concentration
left in the solution after the complexation was quantified with an inductively coupled plasma
atomic emission spectroscopy (ICP-OES, Avio 200, PerkinElmer). The set-up of ICP-OES was
as follows: 1.50 mL/ min peristaltic pump and auto-autosampler flow rate (with autosampler
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washed between every sample), 20 sec flush time, and 30 sec normal time. To determine the

amount of Eu®* left in the solution, Equation 4-1 was used.

i_Ce

Eu3* Removal (%) = x 100

(4-1)

where, Ci is the initial Eu® concentration (mol/L), while C. is the concentration left in
the solution after complexation (mol/L). The equilibrium time was taken from a plot of Eu®*

removal (%) over time, where the former is stable.

The equilibrium time was determined to be 30 min (refer to Results & discussion
section). It was used to observe the metal complexation in different Eu®* concentrations as BPI-
COOK film sample was submerged into 10 ml of 0.5, 1, 2, 4, and 6 mol/L Eu®* solutions. After

30 min, BPI-COOEu was obtained.

4.2.4 Characterizations for photoluminescent properties

For the purpose of measuring the photoluminescent at low intensity, BPI-COOEu in
particles form was prepared using 0.1 mol/L Eu®". The particles were washed with DI water
and dried at 60 °C for at least 6 h under vacuum. PI-COOEu particles were first viewed under
a xenon lamp equipped with 320 nm bandpass filter (Asahi Spectra MAX-303, Japan). After
that, the particles were confirmed for its photoluminescent properties with the
spectrofluorometer (FP-8600, JASCO, Japan) of excitation range 300 — 350 nm. At 330 nm
excitation, EuCls solution (0.1 mol/L), BPI-COOH, and BPI-COOK were also measured for

control.

The PI-COOEu films were created from 1 mol/L Eu®" (refer to Results & discussion
section for more information on the minimum metal ion concentration of film complexation).

The PI-COOEu film was first viewed under a xenon lamp equipped with 320 nm bandpass
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filter. The film was exposed to the solvents for 10 min. The set-up for solvent exposure is
shown in Figure 4.1. The film was clipped and inserted through a small rectangular hole into a
5 cc.-vial. After the desired time, the film was removed and rechecked for the emission
spectrum. The excitation of 320 nm was used to check the quenching and enhancement after
solvent contact. This is because the 330 nm excitation resulted in the emission intensity of BPI-

COOEu higher than 10000, above the detection limit of the spectrofluorometer.

The circularity and sensing sensitivity of BPI-COOEu were tested. Acetone was chosen
for these tests due to its strong quenching effects of the film (refer to results and discussion for
more information). After an acetone contact, the film was washed thoroughly with DI water.
Then, the test was carried out again for acetone quenching. The circularity was conducted for
5 cycles. For the acetone sensing sensitivity, BPI-COOEu film was tested for its quenching

ability at various acetone concentrations (0.05%, 0.5%, 1%, 10%, and 100%).

BPI-COOEu
film

3 » solvent

Figure 4.1 Set-up for film exposure to VOC vapor with 3 ml solvent in 5 cc. vial (room

temperature)
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4.3 Results and discussion

4.3.1 Biopolyimide-europium complexation kinetic study

According to Figure 4.2a, there is a steady increase in Eu®* removal during the
complexation until about 30 min, when the removal starts to become steady. As a result, 30
min was considered as the system equilibrium time. About 57% of Eu was removed within
120 min. The results of batch experiments in Figure 4.2b reveals a steady increase in the amount
of metal bound to a unit of BPI in mol/g (q) as the initial concentration of Eu®* solution (Ci)
increases. g became steady at around 2 mol/L C;. Nevertheless, the BPI-COOEu film could be
produced at 1 mol/L Ci. A lower Ciled to particles formation, which BPI1-COOK was observed

to break apart and particles of BPI-COOEu was formed during the complexation.

a 10 p 0.1

@60 % 0.08
<50 _

é 40 %00.06
30 E

+2 o =0.04

B
= o 0.02
0 0
0 20 40 60 80 100 120 0 1 2 3 4 5 6
Time (min) C, (mol/L)

Figure 4.2 BPI-COOEu complexation kinetic study. (a) Eu®* (1 mol/L) removed by the
complexation over time (Eu®* removal calculated from Equation 4-1), (b) batch experiment of
BPI1-COOK submerged in 0.5 — 6 mol/L Eu®* solution for 30 min. q is the amount of metal

bound to a unit of BPI (mol/g), and Ci is the initial metal ion concentration (mol/L).
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4.3.2 Photoluminescent property of biopolyimide-europium complex

The BPI-COOEu particles and film viewed under a xenon lamp equipped with 320 nm
bandpass filter is displayed in Figure 4.3 and Figure 4.4, respectively. The luminating light
could be observed by naked eyes. According to Figure 4.5, the emission bands appeared at 579,
592, 616, 650 and 692 nm are ascribed to the °Do — ‘F3 (J = 0 — 4) transition of Eu3+140142145
The prominent emission at 616 nm is responsible for the red emission. In Figure 4.6, the control
experiment shows that BPI-COOH and BPI-COOK has no emission wavelength at 500 — 800
nm. According to Figure 4.6, EuCls solution (0.1 mol/L) displayed the intensity bands ascribed
to °Do - 'F; (J = 1 — 3), and the EuCls reference in Figure 4.4 has an orange emission. °Do —
’F; transition is a magnetic dipole transition, which the resulted intensity depends on the
symmetry of crystal structure.'®® It is prominent in EuCls solution as the ion contains inversion
center in the water environment.!” On the other hand, BPI-COOEu was observed with an
intensified °Do — ’F, transition. This electric dipole (ED) transition is dubbed as the
hypersensitive transition, which its resultant intensity may depend on several factors. ED
transition is more intense with a distorted center of symmetry, and the distortion usually
occurred in a complexed lanthanide like BPI-COOEuU.!*® The same phenomenon was
previously observed in the europium-alginate/polyacrylamide complex.*® Do — ’F; transition
obeyed selection rule of quadrupole transitions (JAS| = 0, |AL| < 2, |AJ] < 2), which were
affected by the inhomogeneity dielectric surrounding Eu*.'*® The presence of BPI may
increase the inhomogeneity and intensify the °Do — ’F- transition. The metal-ligand covalency

via charge transfer was also observed to affect the hypersensitive transition.>
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Figure 4.3 BPI-COOEu particles produced from 0.1 mol/L Eu®* viewed under xenon lamp

equipped with 320 nm bandpass filter

Figure 4.4 BPI-COOEu films (100 x 300 mm) produced from 1 mol/L Eu®* viewed under xenon
lamp equipped with 320 nm bandpass filter (the side of the film is flexible enough to be bent

by hands). EuClz was used as a reference.

120
616 nm excitation
100 & Dy — 'F, wavelengths
. —300 nm
;‘: 0 + —310 nm
= —320 nm
; 60 330 nm
2 340 nm
g 40 —350 nm
RS
20 650 nm 696 nm
h Dy— 'F; "Dy —F,

500 550 600 650 700 750 800
Emission wavelength (nm)

Figure 4.5 Emission spectra of the BPI-COOEu particles at different excitation wavelengths
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Figure 4.6 Emissions of the control experiment with excitation wavelength of 330 nm

The Jablonski diagram in Figure 4.7a illustrates the mechanism of BPI-COOEu
photoluminescent under 330 nm excitation. The energy was first adsorbed by BPI, which had
its fluorescent observed in the emission range of 350 — 500 nm (Figure 4.7b). This is mostly
due to the presence of benzene rings in the BPI structure (Figure 4.7c). As the singlet state (S1)
was short-lived, the energy was first transferred to the triplet state (T1) before passed on to the
Eu3* through the intramolecular energy transfer (Figure 4.7c-d).24® The intramolecular energy

transfer may involve the intramolecular energy transfer or/and Forster mechanism.*>*

4.3.3 Biopolyimide-europium complex as volatile organic compounds sensor

In Figure 4.8, the emission spectra of the BPI-COOEu films after solvent contact are
tabulated. It was observed that the methanol and ethanol caused enhancement effects on the
emissions. The enhancement could occur when LUMO of the solvents possess higher energy
than that of the sensor, facilitating the energy transfer to the state above °Do, widening the
energy gap, and enhancing the emission.'®> On the other hand, the contacts with acetone

resulted in quenching effects. Acetone promoted the strongest quenching effect in the
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photoluminescent of BPI-COOEu. Such quenching effects by acetone were previously
observed in the europium-polymer composites.'#34% The film of ethyl acetate and hexane test

displayed similar emission spectra to that of free BPI-COOEu.

The circulatory test results are shown in Figure 4.9. In all 5 cycles, the peak intensities
of 616 nm emission were observed at around 1400 for the BPI-COOEu film exposed to acetone.
However, after DI water washes, the intensities increased to 2800. The experiment depict the

reusability of the BP1-COOEu film as a VOCs sensor.

With higher acetone concentration, a stronger quenching effect was observed (Figure
4.10). BPI-COOEu was observed to be able to sense 0.05% acetone through the quenching
effect. At this concentration, the emission band at 616 nm was observed to be quenched to a

small extent.

The phenomenon of quenched emission by acetone could be explained by the solvent
having the region of UV adsorption range (300 — 360 nm) similar to BPI-COOEu as well as
the intermolecular interactions that caused the transferred of energy to acetone molecules, 43153
A mechanism that involved lone pair-m interaction is proposed in Figure 4.11. The lone pair-nt
interaction was described as a non-covalent bond between a neutral electron-rich molecule and
n ring. !> Such an interaction could occur between a lone pair from the O atom (sp? orbital) of
acetone and a « bond of an aromatic ring in BPI-COOEu. The adsorption of UV and transfer
of energy by an aromatic ring in BPI-COOEu was dependent on the excitation (HUMO —
LUMO) of & bonds. The lone pair-rt interaction may prevent the excitation and result in the
guenching effect. A similar mechanism was previously proposed in the bipyridyl moiety

system. 1%
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Figure 4.7. Fluorescence emission mechanism in BPI-COOEu. (a) Simplified Jablonski
diagram illustrating the transfer of energy from BPI to Eu®* under 330 nm excitation (So —
ground state, S; — excited state, T1 — lowest triplet state, 'F; — ground state of 4f° with less than
half-filled shells, creating 6 possible lowest J values denoted as 0 to 6), (b) Emission bands

showing BPI and Eu®* fluorescence, (c) illustration of mechanism in BPI-COOEu
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Figure 4.9 BPI-COOEu film and acetone quenching circulatory tests for 5 cycles. DI water was

used to wash the film after each acetone test

84



Acetone concentration

—100%
10%

= i 1%
3 ;I _05%
a‘ | _0050/0
7 —Free
5
=

500 550 600 650 700 750 800
Wavelength (nm)

Figure 4.10. Acetone concentration variation for the quenching of PI-COOEu

photoluminescent

lone pair — =

interaction : coor © "
Y4 ) Eu*
j.L COO"  00C
H,C” “CH,

Figure 4.11. Proposed mechanisms for the quenching of BPI-COOEu photoluminescent due to

the interaction between a lone pair from acetone and a = bond of an aromatic ring
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4.4 Conclusion

A bio-based organic/inorganic complex containing Eu®** (BPI-COOEu) was
successfully produced. In particles and film form, BPI-COOEu had red emission under 320 nm
excitation. The emission at 616 nm predominantly caused the color. The study showed
enhancement and quenching effects in emission bands after the contact between BPI-COOEu
film and solvents. The exposure to acetone caused strong quenching effects on the film, and
this was observed to be neutralized when the film was washed with DI water in the 5-cycle
circulatory experiment. The study uncovered a novel bio-based sensor suitable for a more

sustainable society.
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CHAPTER 5

General conclusion

In this study, the organic/inorganic composites of biopolyamides (BPA) and
biopolyimide (BPI) were synthesized by the 4-aminocinnamic acid (4ACA). These polymers
bearing novel functional groups and structures were tested for their performances according to

the desired applications.

The quaternized derivative of 4,4’-diaminotruxillic acid (Q-4ATA) was developed to
contain quaternary amines. The monomer was polymerized with diamines into several cationic
BPA. One of the BPA in the series, PA-R4 contained 99% renewable source according to the
sustainability metric as it was a product of Q-4ATA and 4,4'-diamino-a-truxillic acid dimethyl
ester. With cationic side chain, all BPA displayed an anion-exchange ability with PA-R4
possessing 30.0 mg/g of maximum experimental 1~ removal from solution. The temperature at
5% of PA-R4 composition was 300 °C. Together with the ability for the BPA to retain water,
such value of thermal stability led to an I~ adsorption under near boiling point temperature

which surpassed the performance of commercial polystyrene resin.

BPI bound by the carboxylic acid side chain (BPI-COOH) was modified in KOH to
obtain a polymer containing carboxylate-potassium salt (BPI-COOK). BPI-COOAI, BPI-
COOCu, and BPI-COOEu salts were obtained from a simple complexation process where BPI-
COOK films were left in contact with the metal ion solutions. The exchange of K* into the
targeted multivalent metal ions such as AP+, Cu?* and Eu®* on the carboxylate side change was
determined to be an exothermic reaction. With the formation of metal carboxylate complexes,
BPI-COOAI and BPI-COOCu became flame retardant. For both complexes, the second burn
during the Underwriters Laboratories standard 94 for vertical burning test was distinguished

within 10 s. BPI-COOAI yielded favorable microscale calorie combustion results with ignition
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time at 427 s and total heat release of 4.5 W/g. Moreover, it exhibited an improved thermo-
mechanical property and retained its optical transparency when compared to those of its
precursors. With an addition of a rare earth metal, the BPI-COOEu displayed photoluminescent
property. Its enhanced and quenched emissions due to solvents contact served as the underly

mechanism of the material to be developed into VOCs sensor.

The developments of bio-based organic/inorganic composites of BP1 and BPA depicted
creative and practical ways of producing efficient bio-based functional materials in green

society.
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Appendix

Table Al. Elemental composition of PA-R4

elemental composition (%)

element ft i th DI
before KOH treatment after KOH treatment after washing wit

water
C 60.59 55.22 62.98
N 11.58 9.07 12.26
0 6.18 7.72 5.23
K ND 11.62 0.358
| 5.77 ND 0.034
Cl ND ND 2.03
Au 15.90 16.36 17.11
Total 100 100 100
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Figure Al. Full FTIR spectra. (a) BPI-COOAI, (b) BPI-COOCu
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