ABSTRACT
LORD, MEGHAN DAVIS. Synthesis and Applications of Polymeric Materials to Reduce
Environmental Burden from Textile Dyes Exhaust and Finishes. (Under the direction of Dr.
Januka Budhathoki-Uprety).

Textiles are a universal need, from apparel and furnishings to personal protection
equipment and outdoor textiles. However, the development and disposal of textiles could have a
significant impact on the environment. Examples include significant volume of waste, colored
exhaust, and potential release of persistent chemicals to the environment. Inefficient dyeing and
finishing operations could result in dyes and finishes in textiles exhaust. These chemicals could
reach the environment from untreated or undertreated textile effluents and cause adverse impact
on human health. Chapter one describes different types of dyes that are mainly used for textiles,
the harmful effect of untreated textiles dye effluent, current effluent treatment methods and new
direction. Chapter two recounts the synthesis and properties of polycarbodiimides, synthetic
helical polymers, the class of polymer used in this dissertation research. Chapter three describes
about using polycarbodiimides as an absorbent for acid textile dyes in aqueous solutions. Chapter
four describes utilizing polycarbodiimides for acid, azo, and reactive dyes purification, and
further characterization of the dye-polymer complexes.

Interest in sustainable materials has been increasing in recent years. Although textiles
from natural fibers such as cotton are more eco-friendly materials, hydrophobic finishes are often
applied onto cotton to make the fabric water-resistant and durable. Most hydrophobic finishes
used in textiles are either based on formaldehyde or derived from per- and polyfluoroalkyl
substances — known as PFAS, the persistent chemicals that have been proven to be toxic,
carcinogenic, or mutagenic. In this work, a plant-based hydrophobic finish is synthesized and its

ability to water-repellency has been evaluated. Chapter five describes the synthesis of a



hydrophobic finish from cottonseed oil, an annually-renewable resource, its application onto a

cotton substrate, and evaluation of its performance.
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CHAPTER 1

Application of Polymeric Materials for the Removal of Dyes from Textile Wastewater

The information presented in this chapter has been reprinted with permission from
“Application of Polymeric Materials for Removal of Dyes from Textiles Wastewater.”
Meghan Davis Lord, Hannah Dewey, and Januka Budhathoki-Uprety Sustainable Green
Chemistry in Polymer Research. Volume 2. Sustainable Polymers and Applications., 239-261
DOI:10.1021/bk-2023-1451.ch012. Copyright [2023] American Chemical Society."
Documentation has been included in Appendix A. The figures and tables have been reordered to
fit the NC State Electronic Theses and Dissertation, ETD, format.

Abstract

Clean water is vital to our health and a sustainable environment. However, the United
Nation’s report suggests that about 26% of people currently lack access to safe drinking water.
Among various factors that pose barriers to safe drinking water, water pollution from industrial
processes is one of the prime causes. Release of industrial waste, which includes hazardous
chemicals and materials, to the water resources make water unsafe to drink and use for
household purposes. Among various industries, textile industrial wastewater has received
considerable attention in recent years because untreated/or improperly treated effluent could
discharge various contaminants that include dyes, finishes, salts, polymers, and auxiliaries to
water sources. Among these contaminants, dyes are the most visible pollutants in the textile
wastewater that can reduce the aesthetics of water resources and pose serious threats to the
environment and public health. Dyes in wastewater increase chemical and biochemical oxygen
demands, halt plant growth and diversity, and severely damage the aquatic ecosystem.

Furthermore, some dyes and their byproducts can cause toxicity, mutagenicity, and



carcinogenicity among other adverse health effects. Therefore, removal of dye contaminants
from water resources is extremely important. Polymeric materials, because of their versatile
physicochemical characteristics, have great potential to remove such contaminants effectively
from industrial wastewater. This chapter focuses on the uses of polymeric materials to enable
removal of colorants from wastewater to improve water quality for human health and a
sustainable environment. The first section of this chapter provides a summary of the different
types of dyes used in textiles, including their advantages, and disadvantages. Next, an overview
on the effect of dyes on the environment and human health is reported. The last section of the
chapter focuses on common wastewater treatment methods with emphasis on uses of polymeric
materials in various treatment processes with specific examples.

Introduction

In textile industrial processes, fabrics are treated with dyes in the presence of various
auxiliaries and salts to facilitate dye-uptake into fibers/fabrics for enhanced color, durability, and
strength of the fabric. However, some dyes are lost to effluent due to inefficient dyeing and
finishing operations. Dyes in effluent can escape through conventional wastewater treatments
and reach the environment. Textile industrial wastewater has received considerable attention in
recent years because textile effluents, which are comprised of dyes, finishes, auxiliaries,
polymers, and salts, can pose serious threats to public health and the environment. Among these
contaminants, dyes due to their perceptible colors are the most visible pollutants that diminish
the natural aesthetic quality of water resources besides other adverse impacts. Dyes in
wastewater interfere with photosynthesis of aquatic plants by blocking sunlight penetration
through water and affecting the aquatic ecosystem. Other issues include increased chemical

oxygen demand (COD) and biochemical oxygen demand (BOD) levels, alteration of physical
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Figure 1.1. Dyes in wastewater and their
effects on health and the environment.

a) Potential industrial sources for water
contamination with dyes and b) Effects
of dyes on health and the environment.

and chemical properties of soil, and a net loss of biodiversity.! Furthermore, some dyes upon
degradation produce toxic byproducts. Azo dyes can degrade into free radicals that can damage
DNA, causing toxicity, mutagenicity, and carcinogenicity among other adverse health effects.*5
These issues are summarized in Figure 1.1.

The negative impacts of textile effluent on human health and the environment have led to
the treatment and regulation of textile wastewater discharge. Treatment methods include
biological, physical, and chemical treatments, which utilize various materials and mechanisms to
remove pollutants. Among these materials are polymers, macromolecules with diverse chemical
compositions. Polymers are versatile materials, which can be tuned to facilitate interactions with
dye molecules to enable removal of the color from textile wastewater. Their ability to be tuned
makes polymeric materials great candidates for easing the environmental burden of textile
effluent. Thus, natural, semi-synthetic, and synthetic polymers have been widely used in

wastewater treatment processes that include adsorption, filtration, and coagulation-flocculation



techniques. This chapter will discuss the types of dyes used in textiles, conventional treatment
methods for removing textile dyes from wastewater, the role of polymeric materials in these
treatment processes, and conclude with future perspectives for applications of polymers for dye
removal from textile wastewater.

Types of Dyes and Their Applications in Textile Dyeing

Different types of dyes are used to dye different types of textile fibers. Common dye
types include acid, basic, direct, disperse, vat, and sulfur dyes. Acid dyes are widely used in
dyeing protein-fibers such as wool, silk, leather, and synthetic polyamides such as nylons. Basic
dyes are typically used for dyeing acrylic fibers. Disperse dyes are used mostly for dyeing
synthetic hydrophobic fibers, including polyester. Reactive, direct, azoic, sulfur, and vat dyes are
widely used in dyeing cellulosic fibers. Dye fixation rates on fibers are dependent on the type of
dyes, fiber materials, and the conditions used for dyeing processes. The dye-fixation rates vary
from 50% to up to 98%."® Reactive dyes typically exhibit poor fixation characteristics.’
However, reactive dyes account for over 70% of dyes used on dyeing cotton fabrics, which
occupies about 23% of the textiles market.” Besides dyes, pigments, the water-insoluble colorant
particles, are also used for coloring textiles. Table 1 summarizes the dye-fixation rates on
common textile fibers when specified dyes and auxiliary chemicals are used. The unfixed dyes
and pigments in the effluent are the source of colorants in textiles industry wastewater.

Dyes can be classified by their source as natural dyes, obtained from plants, animals, and
insects, or synthetic dyes, produced from chemical synthesis. Most current synthetic dyes are
derived from petroleum-based resources. In the textiles industry, dyes are classified mainly into

nine dye classes based on dye-fiber interactions and physicochemical characteristics of dyes:



azoic, acid, basic, direct, disperse, reactive, vat, sulfur, and mordant.>*! Figure 1.2 shows

examples of textile dyes.

Table 1.1 Summary of Various Dye Classes and Their Usage. Data from references 7 and 9.

Dye Major Major Dye- Common Auxiliary Chemicals Dye-
Class Fiber(s) Fiber Fixation Range
Interactions
Azoic Cellulose | Insoluble sodium hydroxide, hydrochloric 90%-96%
colorants are acid, sodium nitrite, sodium
formed within acetate, surfactants
fiber.
Acid Protein Electrostatic Glauber’s salt, acetic acid, 83%-93%
and interactions surfactants
Polyamide
Basic Acrylic Electrostatic sodium acetate, sodium 97%-98%
fibers, interactions carbonates, ammonium acetate,
anionic surfactants
polymers
Direct Cellulose | Hydrogen Glauber’s salt, sodium carbonate, | 70%-95%
bonding surfactants
Disperse | Synthetic | Physical sodium hydroxide, sodium 80%-92%
entrapment hydrosulphite, surfactants
Reactive | Cellulose | Covalent Sodium hydroxide, sodium 50%-80%
bonding phosphate, sodium bicarbonate,
Glauber’s salt, urea, surfactants
Vat Cellulose | Physical Sodium hydroxide, sodium 80%-95%
entrapment hydrosulphite, Glauber’s salt,
Turkey red oil
Sulfur Cellulose | Physical Sodium sulphide, sodium 60%-70%
entrapment carbonate, Glauber’s salt
Azoic Dyes

Azoic dyes (also called Azo or naphthol dyes) are among the oldest and the largest class

of industrial synthesized organic dyes. Azo dyes are widely used in dyeing cellulose, rayon, and

leather.® Azo dyes hold one or more ‘azo’ groups (-N=N-) and typically contain aromatic

structures. Generally, the azo dyes are generated upon mixing naphthol compounds with

diazonium salts in the presence of a strong base.'?'® The most common method for the




application of azo dyes onto fabrics is via generation of the dye in-situ and mechanically
trapping it within the fiber structures.%-1214 Azo dyes are widely used in textiles because these
dyes produce dark shades with good fastness properties.'%1214 However, the drawbacks of these
dyes include limited number of available shades, complex application procedure, and potential
toxicity of the key components including napthols.1®!214 Certain azo dyes can undergo
degradation producing aromatic amines which are known skin sensitizers and potential
carcinogens.

Acid Dyes

Acid dyes are water-soluble anionic dyes that are commonly used to dye protein fibers
such as wool and silk, and synthetic polyamides such as nylons. Acid dyes are named for the fact
that they are applied onto fibers/fabrics in an acidic environment. Acid dyes are available in a
wide range of shades with good washfastness.**'1°> Acid dyes contain one or more sulfonate
groups, which give them anionic character and aqueous solubility.*?® The common
chromophores present in acid dyes include azo groups and anthraquinone moieties. Since the azo
functionality is sensitive to sunlight and other environmental conditions, acid dyes that contain
azo functionality are often metallized using chromium, cobalt, and iron compounds for textile
use to protect the azo functionality from degradation.%15:16

Acid dyes, due to their anionic character, are attracted to the fibers through electrostatic
interactions. Under low pH acidic conditions, amine residues on synthetic polyamides and
protein fibers are protonated resulting in positively charged fibers, which facilitate electrostatic
interactions between the fiber and negatively charged sulfonic acid groups on the acid dyes.*®
Due to the strong attraction between the dye and the fiber, retarding agents are often added to

slow the rate of reaction, and allow for an even, or level dyeing.!2® The retarding agents slow



the dye uptake by competing with dyes for active groups in the fiber. Although the
exhaustion/fixation rates for acid dyes are relatively high (see Table 1.1), the bright color and
high solubility of residual acid dyes in exhaust pose challenges in wastewater treatment. Acid
dyes are difficult to remove from the dye wastewater with traditional economic flocculating
agents due to their high solubility in water. Additionally, degradation of azo acid dyes and the
metals leached from metallized acid azo dyes could pose a threat to human health and the
environment.

Basic/Cationic Dyes

Basic dyes are water-soluble cationic dyes. Some common chromophores present in basic
dyes include acridine and azines.® Basic dyes are used in dyeing acrylic fibers, cationic dyeable
polyesters, and other negatively charged fibers.>” Common acrylic fibers are derived from
copolymers having >85% acrylonitrile monomer and other vinyl monomers such as methacrylic
acid, methyl methacrylate, and vinyl acetate. Anionic groups are attached to the polymer to
enhance dyeability. The name ‘basic dyes’ although the most common, appears a misnomer as
these dyes are applied onto fibers in a slightly acidic environment, pH 4-5.5.17 The cations in the
basic dyes have a strong affinity for the acidic groups. As with acid dyes, ionic interaction is the
main fixation force as the anionic sites on the fibers attract the cationic dyes. Since the
association between dyes and the fiber is strong, they exhibit good fastness properties and
relatively high rates of dye fixation.'>!’ Retarding agents are required for a level dyeing.>%" A
common disadvantage of basic dyes is their poor light fastness, and if used on natural fibers,
poor washfastness.*® The poor washfastness of these dyes could cause dye leakage into effluent,
posing potential hazards. Some cationic dyes are known to cause cancer, eye and skin irritation,

and respiratory tract issues.*®?°



Direct Dyes

Direct dyes are anionic dyes that adhere ‘directly’ to the fiber without a need for other
chemicals, vat, or mordant processes.*%* These dyes are mainly used in dyeing cotton and other
cellulosic materials to achieve a wide variety of shades. Direct dyes are applied from an aqueous
dye bath at a high temperature (near boiling) and in the presence of sodium chloride or sodium
sulfate salts.?! These dyes often contain solubilizing groups, azo chromophores, and have long
planar structures.'122! The planar geometry facilitates the dye-fiber interaction and helps
maximize the VVan der Waals, dipole and hydrogen bonding interactions between the fiber and
the dye.!'21% Modern direct dyes are designed to overlap with the repeat unit of cellulose to
further maximize these interactions. Thus, an advantage of using direct dyes includes the need
for comparatively less auxiliary chemicals leading to lower energy and resource usage for the
dyeing process.!%* However, these dyes exhibit poor fastness (loss of dye from the fabrics under
aggressive conditions) due to weaker fiber-dye interactions.%2142! Some of the azo
chromophores, especially those based on benzidine, have been found to be carcinogenic and are
no longer in use.*? Mild fixation rates, poor washfastness, and chemicals used for after-
treatments add chemical burden to the waste management system.

Disperse Dyes

Disperse dyes are small, planar, and nonionic hydrophobic compounds which form a
dispersion in water. Due to their hydrophobicity, disperse dyes are often used in dyeing synthetic
fibers such as polyester (Polyethylene terephthalate), polylactic acid, cellulose acetate, and nylon
fibers.1%222 Based on their structures, disperse dyes can be applied to fibers in two fashions —
exhaust dyeing and the thermoset process. In traditional exhaust dyeing, the dye, auxiliary

chemicals to promote the solubility, and the fiber are heated near the glass transition temperature



of the polymer/fiber.”%> This allows the polymer chains of the fiber to become more flexible,
allowing the disperse dye to migrate inside the fiber and become physically entrapped.'! In the
thermoset process, the dyes are sublimated to the fiber under high temperature conditions.%12
The advantages of disperse dyes include a wide variety of shades and good wash- and color-
fastness properties.'> However, fibers dyed with disperse dyes tend to have crocking (rubbing)
issues due to the dyes coming out of their entrapment. Additionally, the need for dispersing
agents for the dyeing process could add chemical burden to effluent management.

Reactive Dyes

Reactive dyes are named because of their ability to react with the fiber to form covalent
bonds.* A typical reactive dye structure is comprised of a chromophore, a solubilizing group, a
reactive group that anchors the dye to the fiber, and a bridging group that connects the reactive
group to the rest of the molecule.**'?14 Reactive dyes are used in dyeing cotton, cationized
cotton,?® and other cellulosic substrates to achieve a full range of bright shades.** Some common
reactive groups include mono- or di-chlorotriazines, or vinyl sulfones.'? Most reactive dyes have
azo or anthraquinone chromophores.***? During the dyeing process, the reactive group
covalently binds to the hydroxy group of a cellulose fiber or other nucleophilic sites in protein or
polyamide based fibers.'1?14 One of the challenges with reactive dyes is the hydrolysis of the
reactive anchoring group. To minimize hydrolysis, chemical auxiliaries and high amounts of
polyelectrolytes/salts must be applied to increase the substantivity of the dye to the fiber.'?* The
strength of the covalent bond is what gives the dye excellent washfastness.*? However, reactive
dyes are fixed onto the fabrics at relatively low rates, leaving behind up to ~50% of unfixed dyes
in the dye bath wastewater.® Furthermore, dyed fabrics need to be thoroughly rinsed to remove

the dyes that are unbound to the fibers. The hydrolysis and the need for thorough rinsing of the



fabrics after dyeing increase the water consumption and the amount of dye waste in the
effluent.** The bright color and high solubility of these dyes also present challenges to industrial

wastewater treatment.
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Figure 1.2. Chemical structures of some dyes.
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Vat, Sulfur, and Mordant Dyes

Vat, sulfur, and mordant dyes are some of the oldest dye classes used in textiles. Indigo, a
vat dye, and Sulfur Black 1 are used in coloring denim, a popular cotton fabric.?#% Vat dyes are
named after their method of application in antiquity.'>!24 Most vat dyes have indigoid or
anthraquinonoid chromophores.!* Vat dyes can undergo a redox reaction. In their oxidized form,
vat dyes are insoluble in water and exhibit no affinity to cellulose fibers. The dye is reduced to
its leuco form (clear/translucent yellow-green solution) via a reducing agent and sodium
hydroxide. %214 The fiber is dipped into the leuco dye, and then exposed to air for oxidation,
which converts the leuco dye (the reduced form) back to an insoluble colorant (the oxidized
form). Vat dyes are mainly used for cellulosic substrates, protein-based fibers, and occasionally
nylon.!2 Due to the redox process, vat dying requires multiple auxiliary chemicals including
sodium hydrosulfite and caustic soda which are then present in the textile effluent and require
proper treatment.?

Sulfur dyes are named for the inclusion of sulfur in the dye molecule. However, the exact
structures for sulfur dyes remain largely unknown because sulfur dyes are complex heterocyclic
compounds that are formed by melting amino- or nitro- compounds with sulfur and sodium
polysulfide.1%1214 These dyes are used mainly for dyeing cellulosic substrates?® to achieve deep
shades - mostly black, olive, brown, and blue, with excellent wash fastness.*?* Sulfur dyes are
applied similarly to vat dyes taking advantages of redox chemistry and solubility.*%'214 The
insoluble sulfur dye is reduced to its soluble form to enable dye-uptake by fibers. Once the
soluble form of the dye is applied onto the fiber, oxidation takes place through exposure either to

ambient air or by using a strong oxidizing agent such as sodium dichromate to return the dye to
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its natural insoluble state.®! The reducing agents such as sulfides can pose a threat to aquatic
life if the effluent is released without proper treatment.*2

Mordant dyes are named after their need for a mordant/dye fixative, a binding agent that
combines with a dye and fixes it onto the fiber. The most common mordants include tannic acid,
oxalic acid, alum, and various metal salts of aluminum, chromium, copper, iron, tin, etc. Mordant
dyes are used to dye cotton, polyamides, and protein-based fibers 12728 to achieve good fastness.
One of the major concerns of mordant dye use are health hazards from metal complexes such as
chromium compounds.

Auxiliary Chemicals

Various auxiliary chemicals including acids, alkali, reducing agents, electrolytes, and
salts are used to facilitate fixation of dyes onto fibers. These dyeing auxiliaries such as the
reducing agents, the metal ions (e.g., chromium, and copper) are also potential health
hazards.”112 Due to the mono- and dichlorotriazine reactive groups, reactive dye bath effluents
often contain chlorine.”

Textile Effluent Treatment Methods

The negative impacts of textile effluent on human health, environment, and water quality
have led to efforts towards wastewater treatment and regulation of its discharge. In the United
States, the U.S. Environmental Protection Agency (US EPA) governs wastewater discharge
through the Federal Clean Water Act with textile mills as a point source category. These
regulations encompass textile operations including woven and knit fabric, carpet, wool, and yarn
wet processing.?® Specific types of pollutants are outlined with limitations according to the best
available technology economically achievable and new source performance standards including

chemical oxygen demand (COD), biochemical oxygen demand (BOD), total suspended solids
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(TSS), sulfide, phenol, pH, and total chromium. The textile industry employs several wastewater
treatment methods to meet these requirements from governing agencies. These methods, which
include biological, chemical, and physical treatments, are employed in different stages of
industry wastewater treatment. A general wastewater treatment process includes preliminary,
primary, secondary, and tertiary treatments®%3! as shown in Figure 1.3.

Preliminary treatment involves mixing streams of wastewater from different

l
| | | |
- - -

» Neutralization » Screening » Stabilization of > Colorant
» Equalization » Sedimentation dissolved solids removal via
~ Floatation and colloidal adsorption

» Coagulation compounds ~ QOxidation
and flocculation > Biological » Membrane

treatments filtration

Figure 1.3. A flowchart showing the textile wastewater treatment
process.

manufacturing processes and ensuring the pH, temperature, and pollution load are uniform.30:%2
The primary treatment step removes colloidal materials from dye effluent via physical or
chemical separation mechanisms. Physical mechanisms include screening, sedimentation, and
floatation to remove larger pollutants.®® Chemical methods such as coagulation and flocculation
have been used to remove suspended material composed of fine particles not previously removed
by physical means.®* Secondary treatment is carried out to reduce the BOD, phenol, and oil
contents, and to decolorize the wastewater. This can be achieved through biological treatment
methods to stabilize the color and colloidal material.*® Lastly, the tertiary treatment, which
includes physical and chemical techniques such as adsorption, filtration, and oxidation, remove

colorants and any other lingering pollutants.®
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Removing Color from Textile Effluents

Color from textile effluent can be removed by various methods. The most common
methods for removing color from wastewater include physical (or physicochemical), chemical,
and biological methods®” (Figure 1.4).

Treatment methods for color
removal from wastewater

Physical Chemical Biological
treatment treatment treatment

# Adsorption » Oxidation » Enzymatic

» Membrane filtration » Electrochemical > Bacterial

» lon exchange » Coagulation and > Fungal
floceculation » Yeast and Algae

Figure 1.4. Methods for removal of color from textile
wastewater.

Biological treatments involve converting dyes into non-toxic products via aerobic or
anaerobic processes.! Algae, fungi, bacteria, and enzymes have been used for the adsorption and
degradation of azo dyes.3® While this method appears more environment- friendly and offers
ease of application, the process is time consuming, and can be sensitive to changes in the
solution pH and temperature.®” Additionally, the microbial technology needs further
development to enable treating the huge volume of synthetic dyes that are present in textile
wastewater. Chemical treatments include coagulation-flocculation, advanced oxidation/Fenton
chemistry, and electrochemical processes for the removal of dyes from wastewater.*® These
methods use chemical or electrochemical means for the removal of dyes from textile wastewater.
However, some disadvantages include production of toxic by-products, sludge, sensitivity to pH,
additional use of auxiliary chemicals, and high cost.34! Physical treatments use adsorption,
membrane filtration, and ion exchange for dye removal.! Compared to biological and chemical

processes, physical treatments have high dye removal efficiency, ease of operation, and flexible
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design.3” Dye adsorption can occur via attraction of the dye molecules to a solid substrate
through intermolecular interactions. Porous structures are typically used as adsorbents due to
their increased exposed surface area, which enhances adsorption.*> Materials such as activated
carbon,*3# agricultural waste,*® functionalized carbon nanotubes,*® magnetic nanoparticles,*’
chalcogenides,*® and metal organic frameworks*® have been used as adsorbents for dye removal.
However, disposal of spent adsorbents with dyes in an environmentally friendly manner can pose
a challenge.® Membrane filtration, which uses various polymeric materials, removes color,
lowers COD, and salinity from wastewater by allowing water to pass through a porous
membrane thereby trapping larger particles.3”>! Furthermore, this technique can remove dyes of
varying sizes by tuning the pore size and molecular interaction. These processes use filters which
have pore sizes ranging from micrometers to nanometers and are classified as microfiltration,
ultrafiltration, or nanofiltration. The filters can remove various types of suspended solids and
organic matters based on their size.>* Additionally, reverse osmosis has been used to remove
suspended solids, organic and colloidal matter, pyrogens, nitrates, and color via semi-permeable
membranes.>? While these techniques are effective in removing the color from effluent, there are
several challenges including limited/lack of chlorine tolerance, potential biofouling, and
membrane fouling. Biofouling and membrane fouling require pretreatments, periodic cleaning,
and filter replacement due to the build-up of trapped solutes, which increases the cost. Lastly, ion
exchange uses functional groups on resins to generate electrostatic interactions with charged
dyes.337 However, this technique is limited to dyes exhibiting a net charge. Thus, ion exchange

technology alone would not be effective for removing all dyes from textile effluent.
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Polymers for Treatment of Color in Wastewater

Polymers, versatile macromolecules, can be designed to have affinity for dyes to facilitate
removal of color from wastewater. In fact, polymers are used in several methods for wastewater
treatment: adsorption, membrane filtration, coagulation, and flocculation (vide infra). Figure 1.5
shows the chemical structures of some of the polymers that are used for color removal processes.
Polymeric adsorbents and flocculants form complexes with the dyes due to attractive molecular
interactions such as electrostatic forces or hydrogen bonding. Various polymers are used in

developing membranes for filtration technology in wastewater treatment.
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Adsorption method

Polymers, due to their modular physico-chemical properties and potential reusability,>
are used as adsorbents for colorants in ion exchange resins,> filter membranes,* hybrid
polymeric composites,®®®’ and porous organic polymers.>® Polymers can interact with dyes via
various intermolecular forces including hydrogen bonding, Van der Waals forces, electrostatic,
and hydrophobic interactions to facilitate dye adsorption and subsequent removal from
contaminated sources.**> Qin et al. functionalized hollow polymer particles made up of a
copolymer consisting of divinyl benzene and maleic anhydride with ammonium groups to enable
the adsorption of anionic dyes via electrostatic interactions.*® Sridhar et al. synthesized an
organogel by chemically cross-linking poly(styrene-block-4-pyridine) diblock copolymer using
dibromododecane for the removal of Methyl Orange, Congo Red, Brilliant Blue, and
Bromocresol Green.®® The presence of positively charged pyridinium groups of the polymer
likely facilitated the selective adsorption of anionic dyes. Biopolymers such as chitosan and
cellulosic materials have been used as adsorbents for dyes mainly due to their low cost,
biocompatibility, and biodegradability.®::5? The presence of amino groups on chitosan and
hydroxy!l groups on cellulosic materials could play a key role in effective dye adsorption. Table
1.2 shows a summary of various polymeric adsorbents, the dye removed, and the mechanism for
dye removal.

Table 1.2. Summary of Polymeric Adsorbents Used for Dye Removal from Wastewater.

Polymer Dye Removed Mechanism Reference
Porphyrin-based Methylene Blue -7 interactions, [Li et al. 2020]°®
porous organic Rhodamine blue Singlet oxygen and

polymer hydroxyl radicals

Divinyl benzene and | Methyl Blue Electrostatic [Qin et al. 2016]°°
maleic anhydride interactions

copolymer
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Table 1.2. Continued

Poly(styrene-block-4-
vinylpyridine)
diblock copolymer

Methyl Orange
Congo Red
Brilliant Blue R
Bromocresol Green

Electrostatic
interactions

[Sridhar et al. 2021]%°

Sodium alginate and
nanocrystalline
cellulose hydrogel
beads

Methylene Blue

lon exchange

[Tavakolian et al.
2020]%

Polysaccharides
Chitosan
Cyclodextrin

Brilliant Blue,
Methylene Blue, Sunset
Yellow, Acid Blue 25,
Congo Red, Methyl
Orange

Electrostatic
interactions,
hydrogen bonding,
physisorption,
chemisorption

[Zhang et al. 2020,
Jabli 2020, Cai et al.
2020, Duan et al.
2020]63-66

Graham flour

Crystal Violet

Electrostatic
interactions

[Kubra et al. 2021]%7

Polycarbodiimide

Acid Dyes

Electrostatic
interactions

[Lord et al. 2022]%8

Polyaniline (PANI),
polypyrrole (PPY),
and PANI/PPY based
nanocomposites

Congo Red, Sunset
Yellow, Methylene
Blue, Methyl Orange,
Acid Green, Acid Red
18, Acid Blue 40,
Reactive Black,
Reactive Violet

lon exchange,
electrostatic
interactions, T-T
interactions,
chemisorption,
hydrogen bonding

[Chafai et al. 2017,
Aliabadi and
Mahmoodi 2018,
Ayad and Zaghol
2012, Smita et al.
2016, Amer et al.
2018, Janaki et al.
2012, El-Sharkaway
et al. 2020,
Shabandokht et al.
2016, Diaz-Flores et
al. 2019, Yeamin, M
et al, 2021 16978

Wheat flour, starch,
rice, wheat

Methylene Blue and
Orange Green

Hydrogen bonding
and electrostatic
interactions

[Yeamin, M et al,
2021]"

Polyacrylate latex

Reactive Red 239,

lon exchange

[Sun et al, 2022]7°

solid waste Reactive Black 5
Graphene oxide/PEl | Methylene Blue and Hydrogen bonding [Guo, HY et al
hydrogel Rhodamine B and electrostatic 2015]8°

interactions

Polydopamine
modified cyclodextrin
composite

Methylene Blue,
Malachite Green,
Crystal Violet

Electrostatic
interactions

[Chen, HF et al,
202078
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Table 1.2. Continued

Wheat flour Rhodamine B Electrostatic [Hasan, M et al,
interactions 2021]%

Xanthan gum/ Malachite Green Hydrogen bonding, | [Abu Elella, MH et

polyvinylimidazole -7 interactions and | al, 2021]%

electrostatic
interactions

Polyvinyl alcohol/ Methyl Blue Hydrogen bonding | [Yan, JJ et al, 2015]%*
polyacrylic acid and electrostatic

membrane with interactions

Polydopamine

coating

Although many polymer adsorbents are effective at removing dye from wastewater,
reusability of the polymer adsorbents for multiple adsorption-desorption cycles could provide a
more sustainable solution by reducing the use of resources and minimizing the need for
management of secondary waste produced. Zhang et al. conducted reusability experiments of
fibrous membranes composed of poly(methyl salicylate acrylic ester) by removing adsorbed dye
via agitation in a sodium hydroxide (NaOH) solution, washing, drying the membranes, and
repeating the adsorption process.® It was reported that the membranes maintained efficient dye
removal after being reused 10 times. Sridhar et al. reported that dye adsorption property of a
polymeric organogel was more than 90% even after 20 cycles.®° Sun et al. developed an
adsorbent consisting of polyacrylate latex solid waste modified with diethylenetriamine to obtain
an amphoteric ion exchange resin for the removal of anionic dyes.”® The reusability of the resin
material was illustrated in five successive desorption-adsorption cycles. The dye adsorption
capacity of the resin ranged from 85 — 90% after five adsorption and four desorption cycles.
Other examples of recyclable polymeric adsorbents include porphyrin-based porous organic

polymer®® and ammonium functionalized hollow polymer particles.*® Lord et al. reported that
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polycarbodiimides, a nitrogen-rich polymer, could remove certain anionic dyes from dye-
contaminated water sources under mild conditions.%® The process was carried out by mixing the
polymer dissolved in a suitable organic solvent and dyes in aqueous acidic solution in a biphasic
mixture. Under acidic pH, the electrostatic attraction between the polymer and anionic dyes
facilitated the dye’s removal from its aqueous solution. The polymer-dye complex dissociated
under a basic pH condition, and both the dye and the polymer could be recovered for further use.

Membrane Filtration

Membrane-based treatments include ultrafiltration, nanofiltration, and reverse osmosis
methods. These technigques have been effective at removing dyes, lowering COD, salinity, and
other dissolved solids in textile effluent.> Conventional membranes such as thin-film composite
(TFC) membranes consist of a porous active layer and a dense support layer composed of two
different polymers. Examples of TFC membranes include polyamide as the top layer and
polysulfone or polyethersulfone as the bottom layer.>®! The major drawbacks for membrane-
based technologies include biofouling and membrane fouling. Researchers have sought to
address these challenges by tuning membrane pore size, surface roughness, and incorporating
nanomaterials into the polymer matrix. Kang et al. developed a nanofiltration membrane with
pore sizes between nanofiltration and ultrafiltration classifications. Electrospray interfacial
polymerization (EIP), a technique that allows for controlled fabrication of thin outer layers,%®
was used to tune the thickness, cross-linking degree, and pore size of the top layer composed of
poly(piperazine-amide) within nanometers.®” This method enabled fractionation of the dye/salt
mixture, with improved water permeability, a high dye/salt rejection ratio, and enhanced
antifouling properties.®” Polymeric nanocomposite membranes have been used to improve

durability, selectivity, hydrophilicity, and antifouling.>® Nanocomposite membranes often
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incorporate nanoparticles into a polymer matrix via self-assembly or dispersion.> Furthermore,
negative surface charge has been reported to increase hydrophilicity and antifouling.® For
example, Vatanpour et al. incorporated graphitic carbon nitride and zinc oxide nanomaterials into
polysulfone membranes to increase hydrophilicity, surface charge, and enhance separation
performance.®® Goswami et al. incorporated Pd nanoparticles into a polysulfone membrane to
obtain a nanocomposite membrane with improved performance for removal of Crystal Violet, a
dye with known mutagenic and mitotic poisoning effect, from water sources.®® The Pd-
containing polysulfone nanocomposite membrane exhibited increased hydrophilicity, tensile
strength, selectivity, and water permeability compared to a pure polysulfone membrane.
Increasing concentration of Pd nanoparticles in the filter composite led up to 99% Crystal Violet
dye rejection. Thus, incorporating nanoparticles into polymer membranes could increase surface
interactions between the nanocomposite membrane and dyes to enhance filtration properties.
Table 1.3 shows polymers and their nanocomposites used in removing various dyes from
solution via filtration.

Table 1.3. Summary of Polymers Used in Filtration of Dyes from Wastewater.

Polymer Membrane type Dye removed Reference

Poly(piperazine- Nanofiltration Congo Red [Kang et al. 20201%"

amide) (PPA)

[Panda and De 2014,
Goswami et al.
2018], Vatanpour et
al. 202218

Nanofiltration Crystal Violet, Congo
Red, Reactive Green 19,

Reactive Yellow 160

Polysulfone
nanocomposites

Ultrafiltration Reactive Red 120 [Kajekar et al.

2015]°2

Polyaniline/
polyvinylpyrrolidone/
polysulfone hollow
nanofibers

Polyacrylonitrile Ultrafiltration Congo Red [Chen et al. 2013]%

Acrylic grafted Ultrafiltration Acid dyes [Amini et al. 2011]%*

polysulfone

Chitosan/Polyvinyl
alcohol

Microfiltration and
nanofiltration

Direct Red 23

[Hosseini et al.
2018]%
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Table 1.3 Continued

Polyethyleneimine
nanocomposites

Nanofiltration

Methylene Blue, Congo
Red, Bromothymol
Blue, and Direct Red

[Yang et al. 2017,
Soyekwo et al.
2020797

Poly(2-acrylamide-2-
methyl-1-
propanesulfonic acid)
(PAMPS), and
Poly(diallyl
dimethylammonium
chloride) (PDDA)

Ultrafiltration

Methylene Blue and
Methyl Orange

[Oyarce et al. 2021]%®

Polyethersulfone

Nanofiltration

Congo  Red, Orange
I, Crystal Violet,
Methylene  Blue

[Rambabu et al.
2019]%

Polyethyleneimine
modified graphene
oxide

Nanofiltration

Methylene Blue and
Methyl Orange

[Zhang et al. 2021]*%°

Polyvinylidene
fluoride (PVDF) with
Meldrum’s acid
modified cellulose

Microfiltration

Crystal Violet

[Gopakumar et al.
2017]01

nanofiber

Sulfonated Microfiltration Basic Red 46, [Lu et al 2022]%°2
polystyrene Methylene Blue

Polyethyleneimine/ Nanofiltration Reactive Orange 64 [\Vatanpour et al,
polyvinylchloride 2022]103
nanocomposites

Carboxyl- Nanofiltration Sarafin Orange, [Cseri et al, 2021]*%
functionalized Rhodamine Blue,

polyimides Methyl Red, Methyl

Orange, Rose Bengal,
Congo Red, Direct Red
80, and Methylene Blue

Coagulation and Flocculation Methods

Polymers have been used in coagulation and flocculation techniques to reduce/neutralize

the charge of dispersed particles and to induce aggregation into larger particles. The larger

particles can then be removed via sedimentation. The process generates sludge, a potential

secondary pollutant that could present a challenge for proper disposal.3” Polymers such as

polyacrylamide, polydiallyldimethyl ammonium chloride (PDADMAC) and its derivatives have
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been used as coagulants and flocculants due to their ability to facilitate electrostatic interactions
with oppositely charged dyes, thereby producing large flocs.2%1% Although these materials aid
in removing dyes, they can add cost to waste management.'” Thus, researchers have focused on
potentially cost-effective materials - biopolymers including lignin and chitosan-based
flocculants. %1% \Wei et al. modified polysilic acid with magnesium chloride to produce a
magnesium silicate polymer as a coagulant material for effective dye removal. They reported that
the copolymer can remove more than 90% of Reactive Yellow 2 and Reactive Blue 2.1%°
Similarly, Lou et al. used chitosan and lignin as a cost effective, environmentally friendly
flocculent for removal of Reactive Orange C-3R and Methyl Orange.'® By grafting these
biopolymers onto an acrylamide monomer, a terpolymer was synthesized which improved water
solubility and flocculation performance. Thus, the use of eco-friendly materials could aid in
developing less toxic and more cost-effective coagulants and flocculants.

Conclusions and Future Perspective

Dyes, common visible pollutants in industrial wastewater, can pose serious threats to the
environment and public health. Treating colored wastewater is resource demanding and costly.
The textile industry alone spends billions of US dollars every year on industrial wastewater
treatment to adhere to stringent environmental regulations from local governments. Polymeric
materials could greatly ease wastewater treatment methods in mitigating environmental burden
and have the potential to be less expensive. The versatile nature of polymers has led to their use
in many applications of wastewater treatment in adsorption techniques, filtration-based
separation, and as coagulants and flocculants to remove contaminants from wastewater.
However, current methods are still sub-optimal. For example, coagulation and flocculation

techniques are still largely pH dependent and large amounts of material are still needed. Thus,
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development of polymeric coagulants/flocculants that help effective dye removal over wide pH
ranges in small doses could reduce cost and improve dye removal efficiency. Additionally, whi
studies have focused on improving antifouling properties of polymeric membranes by
incorporating nanomaterials into the polymeric matrix, those nanomaterials could increase the
cost of materials. A polymer that can be tuned to increase hydrophilicity and reduce surface
roughness, both factors known to improve antifouling, could improve membrane performance.
Development of advanced sustainable polymeric materials that enable effective wastewater
treatment and recovery of resources could greatly benefit society. Recovering dyes from dye
wastewater could mitigate not only water pollution, but also promote sustainable use of valued
resources (dyes) and help improve environmental sustainability towards a healthier and

sustainable planet for the future generations.

le
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CHAPTER 2
Polycarbodiimide Literature Review

Introduction
When polycarbodiimide (PCD) is used as a search term in scientific literature, two

structures are shown in the results. The first is a polymer with a carbodiimide in the backbone
and is typically used in carbonization®, Figure 2.1A or as a crosslinker.? The second one is a
helical polymer with an amidine repeat unit (Figure 2.1B). Polycarbodiimide with amidine repeat
units are typically synthesized from carbodiimide monomers. This dissertation research focuses

on polycarbodiimide polymers with amidine repeat units as shown in Figure 2.1B.

A) CHs B Ricy

N=C=N PLML

Figure 2.1. Polycarbodiimide structures reported
elsewhere. A) polymer used in carbonization, B)
polymer used in this work.

Polycarbodiimide polymers (referred to as PCD polymers throughout this document)
were first reported by Robinson in 1964.2 PCDs were synthesized from carbodiimide monomers
using an n-butyllithium catalyst.® Polymerization reaction required temperatures of 115°C—
125°C, a 30-hour reaction time and only achieved a 50% yield.® Most likely due to these
stringent reaction conditions and relatively poor yields, no further research reported on this type
of polymers until 1994 when Goodwin and Novak demonstrated a living polymerization of
carbodiimide monomers into helical polycarbodiimides using Ti(IV) based catalysts.* Those
Ti(IV) catalysts were previously shown to polymerize isocyanate monomers into
polyisocyanates, which prompted Goodwin and Novak to try these catalysts with carbodiimide

polymerization.* They succeeded, creating 17 different polycarbodiimide polymers from a
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mixture of 13 carbodiimides and three Ti(IV) catalysts.* Unlike the Robinson’s synthesis, these
polymerizations were performed at 25°C and had a much faster reaction time.* Goodwin and
Novak proved that this reaction was a living polymerization (i.e. no chain transfer or chain
termination reactions) by comparing the molecular weight of the polymer to the monomer:
initiator ratio which showed a linear relationship.*

Monomers

Monomer choice is an essential part of polymerization. Goodwin and Novak’s work
revealed a general trend of how the monomer chosen affected the likelihood of polymerization.
Monomers with a sterically hindered a-tertiary pendant groups are not able to be polymerized as
depicted in Figure 2.2.4° Other monomer trends depend on both pendant groups of the monomer
and the catalyst used. For example, a monomer with an a-secondary pendant group and a methyl
pendant group can be polymerized with a bulkier catalyst.*®> However, if the monomer had an
ethyl group instead, a less bulky catalyst would be required.*® Therefore, the monomer bulkiness

and catalyst bulkiness both play a role in determining if polymerization will be successful.
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Figure 2.2. Carbodiimide monomers with various substituents, 3->13142023-25
A) monomers which were successfully polymerized, B) monomers which did not
polymerize.

Catalysts

Further research into PCD synthesis elucidates the use of a variety of transition metal
catalysts, several of which are represented in Figure 2.3. Transition metal catalysts for PCD
synthesis include titanium, zirconium, copper, and nickel systems. The catalyst reported by
Goodwin and Novak in their early work was a Ti(IV) catalyst with achiral ligands, Figure 2.3-
A.* However, most reported work appears to use titanium (V) catalysts with either chiral or
racemic 1,1"-Bi-2-napthol “BINOL” ligands as shown in Figure 2.3-B and Figure 2.3-C.> After
the investigation on polymerization with multiple BINOL Ti(IV) based catalysts, general trends

found were that if the pendant groups on the catalyst were bulky, the catalysts would be less
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aggregated but increase the time to polymerize the monomers.®> An additional general trend was
if the carbodiimide had bulky pendant groups, it may prevent polymerization of the monomer
with a catalyst with substituted BINOL groups on the catalyst.®> An advantage of the Ti(IV)
catalyst with chiral substituents is the ability to synthesize PCDs with a selective helical sense.®
Helical sense is the clockwise direction in which a helix is formed.® The selective helical sense
on the polymer could arise from a directional monomer insertion during chain propagation.®
When the monomer coordinates with the Ti(IV) center on the catalyst, the chiral substituents on
the catalyst determine how the monomer is inserted, followed by chain propagation, allowing for
selectivity. Polymers can also be formed with a biased helical sense if the monomer is chiral,
and the catalyst is achiral.> Furthermore, helical sense can be biased on helical polymers with
flexible backbone via annealing with chiral agents.” Polymer chains with selective helical sense
can pack more tightly together. The tighter packing changes the polymer’s mechanical
properties, such as increasing tensile strength.®

Although the Ti(IV) catalysts are effective in living polymerization of carbodiimide
monomers, these catalysts are poisoned by oxygen, water, and high temperatures.® Therefore,
copper (1) and copper (11) amidate complexes, (Figure 2.3-D) which are not sensitive to these
conditions were explored. These copper-based catalysts also produced polycarbodiimides under
a living polymerization conditions polymers.>® However, those copper-based catalysts were not
able to produce helical sense selective PCDs because achiral ligands and achiral monomers were
used.® Further research showed that cationic zirconocene complexes (Figure 2.3-E) can also
polymerize carbodiimides.'® These catalysts, being achiral like the copper-based complexes, did
not deliver PCDs with selective helical sense.*® Furthermore, Ni(ll) catalysts (Figure 2.3-F) were

also successful in the living polymerization of carbodiimide monomers to produce
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polycarbodiimides.!* These catalysts were used in conjunction with chiral monomers and
produced polymers with selective helical sense.** Depending on solvent conditions these

polymers can self-assemble into nanofibers.!
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Figure 2.3. Variety of catalysts used for polycarbodiimide synthesis.

Polymerization mechanism

The most common method for the synthesis of helical polycarbodiimides from
commercial small molecules precursors such as primary amines and isocyanates involves three
steps. The first step is the preparation of 1,3 substituted urea derivative from a primary amine
and an isocyanate (Figure 2.4-A).° The urea derivative for a symmetrical carbodiimide monomer
can be produced by reacting a primary amine with a coupling agent and then dehydrating the
product.® To synthesize a both symmetrical and non-symmetrical carbodiimides, a primary
amine and isocyanate are reacted to form the 1,3 substituted urea derivative. Next, the urea
derivative is dehydrated, typically using dibromotriphenylphosphorane in the presence of

triethylamine to produce carbodiimide monomer (Figure 2.4-B).° Finally, the polymer is
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synthesized via coordination insertion polymerization using a transition metal catalyst (Figure

2.4-C).5
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Literature search shows that polycarbodiimides with diverse pendant groups along the
polymer chain have been synthesized as shown in Figure 2.5. Polycarbodiimides have been
synthesized with aliphatic, aromatic, heteroaromatic, and alkyne functional groups to name a
few. The properties of PCD polymers are influenced by the nature of pendant groups of the
polymer. Some polycarbodiimides show liquid crystalline behavior tendencies'? others can be
used as catalyst supports'®. Others can undergo optical switching**, while yet more are

antibacterial®. Later in this work, polycarbodiimides that can absorb anionic textile dyes, and

subsequently release the adsorbed dyes into aqueous solution via simple pH modulation will be

discussed.1®
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Figure 2.5. Examples of polycarbodiimides with diverse pendant groups and
their applications.

Polymer Microstructure and Conformation

Polycarbodiimides are semi-rigid rod helical polymers with two tunable pendant groups
(R1 and R2) per repeat unit as shown in the general structure in Figure 2.5 (center). The pendant
groups could be symmetrical (R1=R2) or unsymmetrical (R1#R2). The mode of monomer’s
interaction with the catalyst during polymerization determines which pendant group will end up
on the imine (sp? hybridized nitrogen) or amine (sp® hybridized nitrogen) creating multiple
possible microstructures/regioisomers. Several possibilities are demonstrated in Figure 2.6. If the

polymer is regioregular, all pendant group R1 will be on the amine nitrogen and all pendant
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group R2 will be on the imine nitrogen. As with helical sense, a more regioregular polymer can

pack more tightly, increasing the crystallinity and mechanical strength of the polymer.®

Regioregular PCD

imine nitrogen
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wvwAann LT

N’ N-
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amine nltrogen

Regioirregular PCD

|
Ri Ry

Figure 2.6. Possible regiochemistry for
polycarbodiimide polymers.

For many years the regioselectivity of PCDs remained elusive. IR spectroscopy using the
C=N imine IR absorption was initially attempted to understand the regiochemistry on PCD
polymers, however the results were inconclusive.l’ In 2012 DeSousa and Novak began polymer
isotope labeling experiments using °®N NMR to study the regioselectivity of PCD polymers.1®
The notion was that isotopically labelled nitrogen atoms at the imine (sp?) and amine (sp®)
positions could present distinct chemical shifts in °N NMR spectra. Furthermore, the chemical
identity of the substituents (aliphatic versus aromatic) attached to those nitrogen atoms would

cause measurable differences in the chemical shift values, making it possible to distinguish the
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regioisomers via characterization by NMR spectroscopy. Using two different catalysts to
synthesize a polymer with an aliphatic and an aromatic substituent from the same monomer (**N
isotope labelled) they determined the polymer was regioregular with aromatic substituent
attached to sp? nitrogen and aliphatic substituent attached to sp® nitrogen.® This work was
expanded by Reuther et al who used >N NMR labeling on a variety of monomers and several
catalysts.*® From this work, they determined the steric of the pendant groups affected the
regioregularity of the polycarbodiimide.'® Sterically bulky pendant groups ended up on the imine
nitrogen if the other pendant group was an alkyl chain.*® Pendant groups with comparable sterics
were inserted randomly resulting in regioirregular polymers.*®

Despite the ability to polymerize a wide variety of monomers, heteroatoms present a
challenge. Budhathoki-Uprety and Novak were the first to synthesize a polycarbodiimide with a
pyridine pendant group, which was shown to act as a solid support for catalysts.*® The same
authors expanded the variety of PCD polymers available by introduction of terminal alkyne
functionalities on the polymer pendant groups. The terminal alkynes were further functionalized
using copper-mediated azide-alkyne click chemistry in post-polymerization modification.?° Click
chemistry, one of the topics to win a Nobel prize in chemistry, describes reactions that are wide
in scope, modular, stereospecific, and generate high yields while only using easily remove
benign solvents and inoffensive byproducts.?! By creating a polycarbodiimide with pendant
groups that can undergo click chemistry reactions, Budhathoki-Uprety and Novak opened the
way to creating vast combinations of polycarbodiimides. Using click chemistry post-
polymerization modification, the Novak group created polycarbodiimide block copolymers,

increasing the diversity of possible polymer combinations.??
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The versatility of this polymer class makes it ideal to investigate its use in dye absorption.
The highly nitrogenous backbone gives the polymer the ability to be protonated allowing it to
form electrostatic interactions with anionic dyes. As a semi-rigid rod polymer, the backbone is
more exposed than a random coil polymer, increasing potential for forming polymer-dye
complexes. Altering the pendant groups allows for the polymer to be tuned to form complexes
with other dye classes. For example, if the pendant group is anionic, cationic dyes could be

absorbed. If the pendant group is highly hydrophobic, disperse dyes could be absorbed.
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CHAPTER 3
Polycarbodiimide for Textile Dye Removal from Contaminated Water
This section has been published as an article in ACS Applied Polymer Materials. ACS Appl.
Polym. Mater. 2022, 4, 8, 6192-6201. Permission to reuse the published material has been
granted and the relevant document has been included in Appendix A. The figures and tables have

been renamed to fit the ETD formatting guidelines.

Abstract

Water pollution has been a significant challenge for the environment and human health.
Dyes in water resources cause severe water pollution, and block sunlight penetration through
water, which impairs photosynthesis of aquatic plants as well as causing a significant alteration
in ecological conditions of aquatic life. Dye-contaminated water sources can pose serious public
health concerns including toxicity, mutagenicity, and carcinogenicity among other adverse health
effects. Therefore, it is imperative to develop efficient methods to remove dye-contaminants
from water sources. Synthetic polymers, due to their versatile chemical structure, size, and shape,
could provide a tunable platform to remove dyes from contaminated sources. Herein, we report a
polymer-mediated removal of textile dyes from aqueous solutions. A nitrogen-rich polymer,
polycarbodiimide, efficiently removed anionic dyes from a dye-contaminated acidic solution.
Upon dye removal, the polymer was regenerated through modulation of the solution pH. Further
investigations showed that the polymer’s ability to remove dyes was dependent on solution pH
and the topological polar surface area (TPSA) of the dyes. Thus, the molecular mechanism for
polymer-dye interactions could be attributed to a combined ionic and hydrophobic interaction.

The effects of pH, ionic strength, dye concentration, and composition were also investigated.
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Removal of dyes from contaminated aqueous resources is important in reducing environmental
pollutants and mitigating environmental and health impacts. The findings from this study provide
insights on the development of polymeric materials to remove soluble dyes from contaminated
water to foster environmental and water sustainability.

Introduction

Dyes, organic compounds that impart color to a substrate, are used in a multitude of
products in the textile, pharmaceutical, cosmetic, food packaging, plastic, pulp and paper, paint,
and leather industries. More than 700,000 tons of various colorants are produced annually. * A
significant amount of coloring materials is discharged in effluents. Effluents from textile
industries contain dye waste due to inefficient dyeing and finishing operations and untreated
effluents. 2 Many dyes are of synthetic origin and resist biodegradation. The presence of dyes in
water sources can cause severe water pollution, including a significant alteration in the
ecological conditions of aquatic life. The impact includes the decrease in light penetration
through water, which directly affects the photosynthesis of aquatic plants, altering CO; fixation
as well as causing oxygen deficiency. 3* Furthermore, synthetic dyes have been found in
vegetables and fruits grown in the region where dye-contaminated water was used in irrigation of
crops. Dyes in wastewater can enter the food chain and exhibit biomagnification. ** In aquatic
systems, indigo dye has been found to cause environmental stress on freshwater microalgae:
changing the morphology and reducing the growth and biomass production.> Some azo dyes
have been found to cause toxicity, mutagenicity, and carcinogenicity among other adverse health
effects. .5 Thus, the occurrence of toxic dyes and other chemicals could pose serious public

health concerns.
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The ability of a dye molecule to interact with a biological system depends on its
molecular transport properties, which are governed by the physicochemical characteristics of the
molecule. Among others, topological polar surface area (TPSA), a molecular descriptor that
describes the sum of polar surface area values of the polar fragments of a molecule?, is a widely
used parameter for predicting molecular transport across biological barriers including intestinal
absorption and crossing blood—brain barriers. A strong correlation between TPSA and transport
properties of proteins has been reported. .° The TPSA index can be used in two-dimensional
quantitative structure—activity relationship studies in structurally diverse sets of pharmaceutical
compounds. 1° In general, molecules with TPSA < 60 A2 are more likely to cross the blood—brain
barrier, whereas molecules with TPSA values higher than 140 AZ are less likely to penetrate cell
membranes. ° Thus, dyes whose TPSA values are <140 A2 are more likely to penetrate cell
membranes, indicating that exposure to such dyes could cause dye-associated health effects.

Removing synthetic dyes from wastewater is of growing relevance to mitigate the impact
on the environment and human health. Methods of removing dyes from wastewater include
biological, chemical, and physical treatments. 1! Due to the cost, efficiency, and ease of
application, conventional wastewater treatment processes use physical and chemical methods to
discolor, degrade, or form dye sludge for removal of dyes. *2 However, these methods often
generate a significant volume of solid waste adding a secondary burden to the environment.
Besides, conventional techniques are far less efficient in the complete decolorization and
detoxification of certain dye effluents. Activated charcoal is an emerging material due to its
versatile absorption of dyes of varied chemical composition. **'*However, widespread
application of activated carbon for dye removal is cost-prohibitive due to the excessive cost and

difficulties in regeneration and reuse. Certain biopolymers such as chitosan, agricultural
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byproducts, and natural clay minerals are low-cost alternatives.'>'® However, the major
challenges include low/limited adsorption capacity, lack of selectivity, tunability, inconsistent
quality of the material obtained from various sources, and the inability to recycle the adsorbent
material. Bioremediation - a method that is frequently used to remove other classes of
environmental pollutants from soil and water using plants, microbes, and enzymatic methods, is
emerging for use in wastewater treatment. However, the process is slow. Many textile dyes resist
conventional biological treatment due to their synthetic origin and complex structures.!” Thus,
bioremediation at its current state is not a viable option in remediation of the considerable
number and volume of chemically distinct dyestuffs in effluents. Some of the materials that are
studied for dye adsorption include magnetized particles, *3*° functionalized carbon nanotubes,
1119 metal—organic frameworks, 1+ clay, *61° nanocomposites,?® and polymeric materials.*%2%-26
Synthetic polymers, due to their versatile structures, ease of synthesis, modification, and
production, could enable dye removal from solutions. It is important to note that regeneration
and reuse of such materials should be considered to mitigate the burden from waste. Thus, a
systematic investigation on reusable polymeric materials that can efficiently remove dyes from
contaminated sources could provide insights into advanced materials development.

Polycarbodiimide (PCD) polymers are synthetic polymers that are composed of highly
nitrogen-rich guanidine-like backbones, and each repeat unit contains two tunable pendant
groups. 27?8 Polymer side chains can be rationally designed during the synthesis or modified in
post-polymerization reactions to fine-tune the physicochemical characteristics of the polymers.
2831 A nitrogenous backbone and tunable hydrophobic side chains in PCD polymers could

provide sites for interactions with synthetic dyes to enable formation of polymer—dye complexes
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through hydrogen bonding, ionic interactions, and hydrophobic interactions and facilitate dye
removal from contaminated water sources.

In this study, we explored a PCD polymer to investigate removal of water-soluble dyes
from aqueous solutions. Anionic dyes (also called acid dyes in textiles) of various chemical
compositions, molecular weight, color, and TPSA were subjected to partition from the aqueous
phase into the polymer solution in the organic phase. The ability of the polymer to remove dyes
from aqueous solutions was evaluated through UV-vis spectroscopy analysis. In addition, the
effects of pH, ionic strength, dye concentration, and composition have been investigated.

Results and Discussion

Dyes partitioning into the polymer solution.

We screened twenty anionic dyes (Figure 3.1), with varying chromophores for initial
assessments. These anionic textile dyes are commonly called acid dyes due to the acidic
conditions under which these dyes are used to dye textile fibers/fabrics. To assess the dye
molecule’s spontaneous phase partitioning capability from an aqueous to an organic phase, an
aqueous solution of the dyes was added into an organic phase (dichloromethane) without
polymers. In this experiment, the dyes remained in the aqueous phase with no apparent partition

into the organic phase.
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We then acidified the solution, a condition that is typically used in dyeing textile
fibers/fabrics with acid dyes. In this experiment (at pH 2), in the absence of a polymer in the
solution, the dyes remained in the aqueous phase (top layer in Figure 3.2-A) with no apparent
partition into the organic phase (bottom layer in Figure 3.2-A) with the exceptions of AB83 and
ABG62, which showed a slight self-partioning into the organic layer. We then mixed the aqueous
dye solutions into the polycarbodiimide (Structure shown in Figure 3.1 and S3.1) solution in
dichloromethane. When aqueous solution of dyes were added into a PCD polymer solution in
dichloromethane, dyes exhibited affinity to the polymer under an acidic condition and partitioned
into the polymer solution in the organic phase (Figure 3.2-B, Table 3.1). The dye-uptake process
was facile and mostly completed within 5 minutes (Figure 3.2), which is relatively faster
compared to literature reports that described dye removal via adsorption in 1 hour to 12 hours.%
36,37 The faster removal process could be due to solution phase interaction unlike dye adsorption
on solid surface previously reported in literature.

We observed that the dye-polymer affinity was strongly influenced by solution pH. At
neutral pH, the dyes did not appear to interact with the polymer and remained in the aqueous
phase. However, under acidic conditions (pH < 4) most dyes partitioned into the organic polymer
solution (bottom layer, Figure 3.2-B, Figure S3.2, Tables 3.1 and S3.1). The differences in
results between neutral and acidic conditions can be explained based on molecular interactions
between the anionic dye and PCD — a polymer with nitrogen-rich guanidine-like backbone. At
low pH, the affinity of the anionic dyes towards the PCD polymer can be attributed due to
electrostatic interaction between the anionic groups on the dyes and a partially protonated
polymer backbone. Indeed, in the textile industry acid dyes are used to dye polymer fibers with

polar backbones (e.g., nylon and wool) at acidic pH taking advantage of the electrostatic/ionic
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interactions between the polymer and an acid dye molecule. In the PCD polymer, the highly
nitrogenous polymer backbone, under acidic conditions, could facilitate such electrostatic
interaction with anionic dyes. Furthermore, the affinity between the PCD polymer and dyes
could also be attributed to an additional attractive interaction - n-n interactions between the dye
molecules and aromatic substituents on the polymer as illustrated in figure S3.3. However, we
suspect that -7 interactions alone might not be sufficient to drive a strong polymer-dye
interaction and cause dye partitioning into the polymer solution mainly because the polymer did
not attract dyes at a neutral pH (pH7). To deconvolute the effects of the n-r interactions and
electrostatic/ionic interactions between a polymer and acid dye molecules, an aromatic polymer,
polystyrene (Figure S3.1), was used as a control polymer. Using the same procedure as described
for PCD polymer-dye experiments, polystyrene solution in dichloromethane was mixed with the
dyes in an aqueous solution. A striking difference on dye-polymer affinity was noted with a
minimal to no dye partition took place when polystyrene polymer was used instead of the PCD
polymer (Figure S3.4). Polystyrene, owing to its phenyl substituents, could interact with the acid
dye via n-w interaction. However, polystyrene does not have any heteroatoms, eliminating the
possibility of an ionic interaction with acid dyes. With polystyrene, a hydrocarbon polymer,
these anionic dyes did not show strong affinity.

Table 3.1 and table S3.1 show dye molecules with a wide range of color, TPSA values,
molecular weights, and hydrogen bond donors and acceptor counts. Of the twenty acid dyes
utilized for the phase partition experiment, most of the dyes partitioned into the PCD polymer
solution. As shown in table S3.1, polymer removed different dyes from the aqueous phase at
various degrees. Dye removal from the aqueous solution was calculated from UV-Vis absorption

spectroscopy (Figure 3.2-C) data using the peak of maximum absorbance. When <5% dye was
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removed, we considered the result as not significant and marked as no apparent removal (Figure
3.2-D, 3.2-E and 3.2-C iv). If the electrostatic attraction were the only factor, then all these
anionic dye molecules should exhibit comparable affinity to the PCD polymer. This led us to
speculate that other molecular characteristics of the dyes could play a pivotal role in the

polymer-dye interactions.
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Figure 3.2. Dye partition between aqueous and organic phases. Photographic images (A,B,D and E)
and UV-Vis spectra (C). Dyes in the aqueous phase (top layer) without using polymer (A and D). Dyes
partitioned into the organic phase (bottom layer) of PCD polymer solution (B), and lack of partition (E)
in a biphasic mixture of aqueous and organic (dichloromethane) solvents. UV-Vis spectra of the dyes in
the aqueous phase (C). The C series represent control experiments without using polymer and the E
series represent residual dyes in the aqueous phase once the polymer removed the dyes from the
aqueous phase. Spectra i-iii show dye removal from the aqueous phase at various degrees and spectra iv
represent lack of effective dye removal from the aqueous phase as represented in e. Photographs and

spectra were obtained from different sets of experiments.
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Table 3.1 Dye Characteristics and Removal Table.

Partition to Topological
Dye Name Dye Color Dye Chromophore PCD solution Polar Surface
Area (A?)
Acid Blue 324  |Blue (Nylon) Anthraquinone Yes 167
Acid Blue 83 Blue Triarylmethane Yes 159
Acid Blue 40 Greenish Blue Anthraquinone Yes 167
Acid Blue 27 Greenish Blue Anthraquinone Yes 124
Acid Blue 25 Blue Anthraguinone Yes 138
Acid Yellow 49 |Bright Yellow Monoazo Yes 131
Acid Yellow 7 Bright Greenish Aminoketone Yes 126
Yellow
Acid Orange 156 |Orange Disazo Yes 134
Acid Yellow 199 | Yellow Monoazo Yes 168
Acid Red 17 Bluish Red Monoazo No 176
Acid Blue 62 g:’lljgeht Reddish Anthraquinone Yes 138
Acid Blue 90 Blue Triarylmethane Yes 159
Acid Blue 129  |Bright Blue Anthraguinone Yes 138
Acid Blue 80 Blue Anthraguinone No 189
Acid Green 16  |Green Triarylmethane Yes 137
Acid Red 52 Bright Bluish Pink | Xanthene Yes 147
Acid Red 266 Bluish Red Monoazo Yes 137
Acid Red 337 Red Monoazo No 137
Acid Blue 45 Dark Blue Anthraguinone No 258
Acid Red 37 Bluish Red Monoazo No 231

We analyzed several molecular characteristics including molecular weight, type of

chromophore, number of anionic groups, hydrogen bond donor and acceptor counts and TPSA.

Indeed, our results show dyes, which partitioned into the PCD polymer solution, have TPSA

values 124 A2-168 A2, The dyes with TPSA index > 176 A% show no apparent partitioning into

the polymer solution. Thus, the dye molecule’s polarity appears to influence the formation of

PCD polymer-dye complexes and the polymer’s ability to remove dyes from an aqueous

solution.
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We further investigated whether other physicochemical characteristics play crucial roles
in molecular interactions between the dyes and the PCD polymer. Using the data collected on
chemical structures and other inherent characteristics shown in Table 3.2 and table S3.1, some
trends can be assessed for a dye attraction to the polymer. The acid dyes have higher counts of
hydrogen bond acceptors (6-12) than that for hydrogen bond donors. Under acidic conditions, the
polymer backbone gets partially protonated, which could promote attractive interaction with
anionic dyes. In principle, the higher the number of hydrogen bond acceptors in a dye molecule,
the more likely the dye could be attracted to the PCD polymer under an acidic condition.
However, high counts of hydrogen bond acceptors also resulted in high topological polar surface
areas in dyes, which appears to hinder the interactions between the dyes and the polymer. The
number of hydrogen bond donors on the dyes does not seem to have an impact on the dye’s
attraction to the PCD, due to protonated polymer backbone that could be a better hydrogen donor
than acceptor. The number of anionic sulfonate groups ranges from 1 to 3. Although no clear
trends between the number of sulfonate groups and the dye attraction to the PCD was observed,
we noted that the dyes that did not partition to the polymer solution are bis-sulfonated dyes. The
molecular weight of the dyes, which range from 404.4 g/mol to 678.7 g/mol, did not appear to
have influence on their ability to form polymer-dye complex. For further investigation, we chose
Acid blue 90 (AB90) as a model dye for detailed studies to evaluate the effects of solution pH,
ionic strength, dye concentration, and kinetics on dye removal, as well as reusability of the

polymer for repeated dye removal.
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The kinetics measurements were carried out to determine the time needed for the dye

removal process. The measurements were taken at time intervals of 5 minutes for the first 20

minutes followed by an interval of 10 minutes until 60 minutes total (Figure 3.3). The amount of

dye removed from the aqueous solution was monitored via UV-Vis absorption spectroscopy. The

results (Figure 3.3) show that ~ 91% dye was removed within the first 5 minutes with slight

improvements over time.

a

100

% Removal from aqueous
phase
N A O ®
[=] o o o

o

L 2

L

‘
b
L 4

10 20 30 40 50
Time (Min)

60

Absorbance (a.u)

0.045

0.035

0.025

0.015

0.005

o~ ~~.‘~_/'/ (
o ///\V\\\\\\\ugdnav

350 450 550 650 750
Wavelength (nm)

—0 Min
—5 Min
——10 Min
——15 Min
20 Min
30 Min
40 Min
50 Min
60 Min

Figure 3.3. Kinetics measurements on dye removal from aqueous phase. a) AB90
removal from aqueous phase overtime from a biphasic mixture of aqueous solution of
AB90 (in acidic water) and PCD dissolved in dichloromethane b) Corresponding UV-
vis spectra of residual AB90 in the aqueous phase.

Effect of pH. The solution pH affects the protonation/deprotonation of molecules and

influences the ionic interaction between the molecules. Thus, pH can influence the interactions

between anionic dyes and adsorbent material. Polymers and nanomaterials such as chitosan,

polyaniline and other amine-based polymers, which are protonated under acidic conditions, can

remove anionic dyes under acidic pH due to favorable electrostatic interaction between the

adsorbent and the dyes.!0: 15 16:18,23-26, 36,40 Tq eyaluate the effect of solution pH on PCD-

mediated dye removal, we varied the dye solution pH from neutral to acidic and basic range. The

change in solution pH modulates the surface charge on the polymer and the degree of ionization

of the dyes. We found that the affinity between the dyes and the PCD polymer was tunable
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through modulation of solution pH. As mentioned earlier, the dyes did not partition into the
polymer solution under neutral pH. Once the dye solution was acidified, the polymer removed
the dyes from the aqueous phase. Interestingly, we observed that the more acidic (lower pH)

solution facilitated the greater extent of dye removal from the agueous phase.
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Figure 3.4. Effect of pH on dye removal process. UV-Vis absorbance of AB90 in the aqueous
solution in a biphasic mixture of aqueous and organic (dichloromethane) solution when the
polymer was present (represented by blue line) or absent (represented by black line) in the organic
phase. a) at pH 2, and b) at pH 4.

The model dye AB90 showed an almost complete (>99%) phase partitioning from the
aqueous layer to the organic polymer layer at pH2 (Figure 3.4). At pH 4, ~ 71% of the dye
partitioned into the organic layer. A similar trend was observed for other dyes as well where the
maximum dye partitioning into the polymer solution occurred at pH 2 and below. The increase in
the dye’s affinity to the polymer at a lower pH could be due to a higher degree of protonation of
polymer backbone allowing greater attractive interaction between the anionic dye and the
polymer. While the acidic pH favored the dye’s affinity to the polymer, the same dye did not
show affinity to the polymer at neutral and basic pH. The differences can be explained based on
pH dependent alteration on electrostatic interactions. Lack of or insufficient protonation deters
electrostatic/ionic interactions between the polymer and dye molecules and diminishes dye

partition into polymer solution. Our results suggests that PCD, which has nitrogen-rich
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backbone, can attract anionic dyes via electrostatic interactions under acidic conditions, similar
to other nitrogen-rich polymeric materials reported elsewhere, 1 15 16, 18, 23-26, 36,40

Effect of ionic strength. Wastewater and the effluents often contain various dissolved
salts that increase ionic strength of the solution. Thus, it is crucial to evaluate the effects of
salts/high ionic strength on the dye removal process. Furthermore, salts in dye solution have been
found to affect dye adsorption.3 3 As reported in the literature, * we also used sodium chloride
as a model salt to increase the ionic strength of the solution to assess the effect of high salt
concentration on dye-uptake by the PCD polymer. An increasing concentration of salt (NaCl)
solution was added to the dye-polymer solution under acidic conditions. As seen in Figure 3.5,
AB90 (the model dye) partitioned into the polymer organic phase similar to salt-free
experiments. Furthermore, the polymer-dye interaction enhanced in the presence of salt up to 20
mg/mL of sodium chloride. Further increase in the salt concentration had minimal effects. The
results suggest that the PCD polymer interaction with an acid dye is not hindered unlike in trivial

ionic interaction and the results could be attributed to a decrease in solubility of the dye in the

aqueous phase that could favor its hydrophobic interactions with the polymer.
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Figure 3.5. Effect of salt concentration. a) Photographic image of AB90 in solution
in biphasic mixtures of organic (dichloromethane, bottom layer) and aqueous (top
layer) with increasing concentration of sodium chloride; b) Percentage removal of the
dye from the aqueous phase by the polymer in organic phase as calculated from UV-
vis measurements data.
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Selective dye removal from the dye mixture. The ability to remove selective dyes from
a dye mixture could expand the application for specific purposes. Previous studies have shown
that certain materials that carry intrinsic positive charges or materials that can be protonated
under acidic conditions can remove anionic dyes only and not neutral and cationic dyes based on
electrostatic interactions.® However, due to similar chemical nature, different acid dyes can
occur in a mixture. Selective removal of certain dyes from a mixture can aid in dye purification
and greatly facilitate dye reuse. To evaluate such potential, we investigated whether the PCD
polymer can selectively remove certain acid dyes from a dye mixture of anionic dyes. A dye
mixture consisting of varied polarity indexes (TPSA values) including AB90 (with
complementing polarity for polymer-dye complex, Figure 3.6a) and Acid Red 37 (AR37) with
polarity not in favor for polymer-dye complex, Figure 3.6b), were mixed well and allowed to
phase partition. As seen in Figure 3.6¢, only AB90 was attracted to the polymer solution leaving
AR37 behind in the aqueous phase. This was further validated by UV-Vis measurements that
show presence of both AB90 and AR37 in the mixture and the diminished absorption profile

from AB90 around 630 nm upon its selective removal from the aqueous phase (Figure 3.6d).
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Figure 3.6. Selective dye removal from a mixture. Top row - photographic images of
biphasic mixtures of dye solution and polymer solution. a) AB90 in aqueous phase (before
mixing) and organic phase (after mixing). b) AR37 in aqueous phase before and after
mixing. ¢) A mixture of AB90 and AR37 in aqueous phase (before mixing), and AR37 in
the aqueous and AB90 in the organic phase after selective removal of AB90 by the
polymer. d) UV-Vis spectra of the aqueous phase in ¢ showing the dye mixture (red dye
AR37 with absorption maximum around 460 nm and the blue dye AB90 with absorption
maximum around 630 nm) as shown in ¢ (before), and the residual red dye in the aqueous
phase upon selective dye removal as shown in c (after).

A similar trend was observed in a dye mixture of AG16 (TPSA 137 A?) and AR37
(TPSA 231 A?), in which the polymer selectively removed AG16 from aqueous phase. This data
shows that the selectivity in dye removal from a mixture is dependent on the individual dye’s
molecular characteristics. Such selectivity is crucial in developing advanced materials that allow

industrial material separation and selective contaminant (including dyes) removal from polluted

water.
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Effect of initial dye concentration. Effect of initial dye concentration was evaluated by
systematic increase in the concentration of AB90 in the solution. The dye removal from the
aqueous phase was monitored by UV-Vis absorption spectroscopy. Increasing the initial
concentration of the dye in the solution resulted in some increased amount of dye partitioned into
the polymer solution until AB90 dye concentration reached 0.25 mg/mL with the polymer
solution (0.5 mg/mL). A further increase in the dye concentration showed saturation in dye
uptake by the polymer. Figure S3.5 shows the dye uptake by the polymer gradually increased
and appeared to saturate with excess dye in aqueous solution (Figure S3.5 A-D). The relative
concentration of the dye to the polymer in solution was kept at 1:10, 1:5, 1:2 and 1:1 (wt/wt).
The results from the experiments showed that the specific PCD used in this experiment could
adsorb up to approximately 0.5 times (wt/wt) the amount of AB90 dye in the solution under
these conditions. PCD polymers are versatile and allow side chain modulation. Likewise, acid
dye library is very rich in structural diversity. Variation in dye structure and polymer side chains
could influence the dye holding capacity of PCD polymers.

Dye release from the polymer-dye complex and polymer regeneration.

The polymer showed excellent desorption of the dye under mild alkaline conditions.
When the solution pH was increased to pH > 8, the dyes in the polymer solution partitioned back
to the aqueous solution in a biphasic system. The organic phase was washed with DI water and
the polymer was regenerated. Figure 3.7 shows the FTIR spectra of the polymer (prior to dye
partition assays), the polymer-dye (AB90) complex, and the regenerated polymer once the
adsorbed dye was released from the polymer. The desorption/dye release process was facile

(within minutes) and reached >90% at a single extraction (Figure S3.6). Such quick release is
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helpful in industrial processes as it could save time and other resources. The dye desorption
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Figure 3.7. FTIR spectra of PCD polymer
before and after dye adsorption and desorption.

process can be attributed to the polymer’s response to increased pH. The polymer backbone is no
longer protonated at basic pH, which hinders the polymer’s ability to attract and retain anionic
dyes. In the lack of ionic interactions, the hydrophilic anionic dyes released from the polymer
solution spontaneously partitioned to the aqueous phase. The reusability of the polymeric
material and the dye is important for sustainable processes. The quality of the regenerated
polymer, once the dye was released, was assessed by FTIR analysis. As seen in Figure 3.7, the
regenerated polymer showed consistent features similar to the polymer prior to dye-removal
process. We then took this regenerated PCD (r-PCD) and subjected it to dye uptake experiments
again following the same procedure as described previously. We found that the regenerated
polymer (r-PCD) removed AB90 dye efficiently from its aqueous solution (Figure S3.7). So far,
the polymer has been successfully re-used to remove dyes from the aqueous solution for two
cycles and further experiments are warranted to exactly determine the limit.

Materials and Methods

Materials and Instrumentation. All chemicals and the solvents required for the polymer

synthesis were purchased from Sigma Aldrich and used as received. Deionized water (DI water)
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was used to prepare aqueous solution of the dyes. Acidic and basic solutions were prepared by
using dilute hydrochloric acid and sodium hydroxide, respectively. Caution! Hydrochloric acid
and sodium hydroxide solutions are corrosive and should be handled carefully. Dichloromethane
and chloroform are hazardous chemicals and should be handled carefully. This procedure
controlled risk by the use of small volume solvent and handling all the chemicals inside a
chemical fume hood. pH buffers were obtained from Micro Essential Laboratory Inc Co. UV-Vis
measurements were made using the Agilent Cary 300 spectrometer and FTIR spectra were
collected using the Thermo Fisher iS10 spectrometer. Both instruments are located at the
Analytical Services Laboratory, Wilson College of Textiles, NCSU.

Polymer synthesis and characterization — Poly(N-(3-ethynylphenyl)-N'-
hexyl)carbodiimide, herein referred to PCD polymer was synthesized and characterized as
previously reported.?

Chemical structure database search — Twenty acid dyes, commonly used in textiles, were
submitted to the PubChem compound database search and the data for TPSA and number of
hydrogen bond donor and acceptor counts, and molecular weight were collected. The color,
chromophore and CAS number of the dye compound was compiled based on the Colour Index™
database.®?

Polymer and dyes interaction — The ability of the polymer to attract the acid dye was
initially evaluated by adding 2mL of the PCD polymer solution (0.5mg/mL) in dichloromethane
(DCM), to a glass vial, then adding 2mL acid dye solution (0.1mg/mL) in water at pH 2. The
solution was mixed thoroughly for 2-3 minutes and allowed to partition for at least 30 minutes.
The aqueous layer was collected and used for UV-Vis absorption measurements to evaluate dye

removal from the aqueous phase. For control experiments, DCM solvent without the PCD
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polymer was used. UV-Vis absorption data can be analyzed by using two methods to determine a
concentration curve: wavelength of maximum absorbance or area under the curve. At a specific
pH, dyes typically have one wavelength of maximum absorption that does not vary; the
absorption at this wavelength is used to calculate the linear concentration curve using the Beer-
Lambert Law, A=ecl, where A, ¢, c and | represent the absorbance, the molar absorptivity
constant, the concentration, and the path length of the cuvette respectively. The UV-Vis
absorption analysis was performed by considering the maximum absorption peak from UV-Vis
spectra to calculate the concentration.® To calculate the percentage removal of a dye from an
aqueous solution, control solution without polymer was used as a reference. A decrease in dye
absorbance in the aqueous phase (from residual dye that was not removed by the polymer) was
measured by UV-Vis spectroscopy. Experiments were performed in triplicates and repeated as
needed. For images, photographs were taken after 24 hours of dye partition experiments.

Effect of pH — To determine the optimal pH condition required for maximum dye
partition to the polymer solution, solution pH was adjusted by using either dilute hydrochloric
acid (or acid buffer) or by adding dilute sodium hydroxide (or pH 10 buffer). The concentration
of the polymer and the dye employed was the same as described in the polymer and dye
interaction experiment. The biphasic mixture was mixed thoroughly using a vortex mixture for ~
30 seconds and allowed to partition for 30 minutes. The concentration of dye in the aqueous
phase was determined by UV-Vis measurements to estimate removal of dye from the aqueous
phase.

Kinetics measurements — To determine the optimal time for dye absorption, an aliquot of
the aqueous layer was removed at various times and measured by UV-Vis absorption

spectroscopy. 1mL of the 0.5mg/mL PCD/DCM polymer solution was added to a glass vial, then
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0.8mL pH 2 buffer and 0.2mL 0.1mg/mL AB90/DI water was added. Experiments were
performed at triplicate for each time point. The solution was mixed on the vortex mixer at 3000
rpm for 30 seconds, and then allowed to settle before an aliquot was taken at five-minute
intervals for the first twenty minutes and ten-minute intervals thereafter until an hour had passed.

Effect of lonic Strength — To determine how ionic strength would affect the dye uptake by
the polymer, experiments were carried out in the presence of varying concentrations of sodium
chloride in solution at pH 2. Following the similar procedure as described in the section
‘Polymer and Dye Interaction’ dyes were subjected to partition into polymer solution from
acidic salt solution with either 50mg/mL NaCl, 40mg/mL NaCl, 30mg/mL NaCl, 20mg/mL
NaCl or 10mg/mL NaCl.

Polymer and selective dye interaction in dyes mixture — To determine whether the
polymer can remove selective dyes from a solution, the polymer was subjected to a dye mixture.
The dye mixture consisted of two dyes one each from high affinity and negligible affinity
groups, which implies their ability to form a complex with the polymer in solution. An aqueous
solution of dye mixture of two dyes AB90 and AR37 (1:1 by volume, the same concentration)
was added to the polymer solution in DCM and the solution was mixed using a vortex mixer. As
described in the polymer and dye interaction experiment, the solution was maintained at pH2.
Photographs were taken before the solution was mixed and after the dye partitioned.

Effect of initial dye concentration. The relative concentration of dye was increased in
solution to determine the limit of dye-uptake by the polymer. For this experiment, AB90 was
used as an example dye. The dye concentration was increased to achieve a relative concentration
of the dye to the polymer in solution 2:5, 1:1, 2:1 and 4:1 (wt/wt). The experiments were carried

out as described in the polymer and dye interaction experiment.
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Dye release from polymer-dye complexes — To investigate the effect of pH for the release
of adsorbed dyes, the aqueous layer was removed once the dye partitioned to the organic
polymer phase from its aqueous phase. The organic phase was then washed repeatedly with DI
water to remove any residual acid. Once neutral, which was confirmed by using a pH paper,
either alkaline solution (pH 10, prepared by adding dilute solution of NaOH to DI water) or pH
10 buffer (ImL) was added to the polymer-dye solution. The solution was then thoroughly mixed
for ~ 1-2 minutes and allowed to partition for thirty minutes before observations were recorded.

Polymer regeneration — To evaluate the polymer’s ability to repeatedly remove dyes
from aqueous solution, a series of dye uptake and release experiments were carried out. The
procedure comprises two steps - 1) dye uptake as described under ‘Polymer and dyes interaction’
and 2) dye release as described under ‘Dye release from polymer-dye complexes’. Steps 1 and 2
were repeated two more times to evaluate the dye uptake and release monitored by UV-Vis
measurements. FTIR spectroscopy was used to compare the polymer before and upon
regeneration from polymer-dye complexes.

Conclusions

We have shown that a polymer with nitrogenous backbone, polycarbodiimide, enables
anionic dyes removal from dye-contaminated water. Dye uptake and subsequent release is pH-
dependent and can be controlled under mild conditions through the modulation of solution pH.
The polymer removes the dyes under mild acidic conditions, then releases the adsorbed dyes and
regenerates the polymer under mild alkaline conditions. Removal of dyes from contaminated
aqueous resources is important in reducing environmental pollutants and mitigating
environmental and health impacts. The molecular interactions between the polymer and the dyes

can be broadly correlated to the topological polar surface area (TPSA) of the dyes among other
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physicochemical characteristics such as number of hydrogen bond donor and acceptor counts,
molecular weight, number of sulfate groups and type of chromophore which do not appear to
play a significant role in polymer-dye molecular recognition. More importantly, the polymer
exhibited its ability to selectively uptake and remove the dyes of TPSA indexes over the others
anionic dyes in dye mixtures. As the TPSA index could predict molecular transport properties
across biological barriers, the polymer has an immense potential in mitigating dye-associated
environmental and health effects via the removal of dyes that can potentially interact with

biological systems.

The following information was presented in the supporting information section for

the published article.

Polycarbodiimide Polystyrene

Poly (N-(3-ethynylphenyl)- N'-hexyl)carbodiimide

Figure S3.1. Chemical structures of polymers. Polystyrene and a
polycarbodiimide polymer - Poly(N-(3-ethynylphenyl)-N"-hexyl)carbodiimide.
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Figure S3.2. Dye partition between aqueous (top) and organic (bottom)
phases. a) Without a polymer, dyes mostly in the aqueous phase (top layer)
b). Dyes partitioned, at various degrees, into the polycarbodiimide solution
(in dichloromethane, bottom layer).

Figure S3.3 Molecular interactions between a short segment of PCD polymer
and AB83 dye molecule. The image was obtained using ChemDraw software
with MM energy minimization. Arrow indicates aromatic groups from the dye
and the polymer close to each other and possible interactions between the two
compounds. Carbon, hydrogen, nitrogen, oxygen, and sulfur are represented by
grey, white, blue, red, and yellow color respectively.
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Figure S3.4. Photographic images of dye partition experiments using
polystyrene. The acidic aqueous solution in the top phase and
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Figure S3.5. Effect of initial dye concentration. Dye partition between an aqueous and the
organic polymer (PCD) solution in dichloromethane in a biphasic mixture with increasing
concentration of dye AB90. a) Photographic image, b) UV-Vis spectra of residual dye in the
aqueous phase after most of the dyes were removed by the polymer as represented in a. c)
Concentration dependent decrease in amount of dye removed from the solution.
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Release of AB129 at Varying pH
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Figure S3.6. Dye catch and release on demand by pH modulation. a). Photographic
image showing dyes in the organic polymer solution in the bottom phase (top row) and the
dyes in the aqueous top phase (bottom row) after release from the polymer solution, b). An
example of dye release from the polymer solution upon pH modulation as calculated from
UV-Vis measurement data.

Figure S3.7. Dye removal and polymer recycling. Photographic image showing dye and
regenerated PCD polymer in solution. A polycarbodiimide sample regenerated from a
complete cycle of dye-uptake and release experiment (r-PCD) was used for further
evaluation of its efficiency to remove dyes from aqueous solution. The left vial represents
AB90 in aqueous phase (top phase) and a regenerated polycarbodiimide (r-PCD) in
dichloromethane (bottom phase) before mixing, and the right vial shows AB90 partitioned,
upon pH modulation to acidic pH, into the organic polymer phase (bottom phase) from its
aqueous phase (top phase).
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Table S3.1. Molecular Characteristics and Dye Partition.

Partition to Dye Removal Topological _
CAS from the Polar Molecular Weight
Dye Name PCD
Number solution Aque_ous Surface (g/mol)
Solution (%) Area (A2)

Acid Blue 324  (88264-80-6 Yes 45 167 473.4
Acid Blue 83 6104-59-2 Yes 39 159 826
Acid Blue 40 6424-85-7 Yes 46 167 473.4
Acid Blue 27 6408-51-1 Yes 62 124 444.4
Acid Blue 25 6408-78-2 Yes 58 138 416.4
Acid Yellow 49 |12239-15-5 Yes 18 131 426.3
Acid Yellow 7 [2391-30-2 Yes 28 126 405.4
Acid Orange 156 [68555-86-2 Yes 74 134 462.5
Acid Yellow 199 |61931-26-8 Yes 40 168 450.4
Acid Red 17 5858-33-3 No <5 176 502.4
Acid Blue 62 4368-56-3 Yes 17 138 422.4
Acid Blue 90 6104-58-1 Yes 85 159 854
Acid Blue 129  (6397-02-0 Yes 44 138 458.5
Acid Blue 80 4474-24-2 No <5 189 678.7
Acid Green 16  |12768-78-4 Yes 6 137 616.7
Acid Red 52 3520-42-1 Yes 6 147 580.7
Acid Red 266 57741-47-6 Yes 20 137 467.8
Acid Red 337 67786-14-5 No <5 137 433.3
Acid Blue 45 2/1/2861 No <5 258 474.3
Acid Red 37 7/2/6360 No <5 231 524.4
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CHAPTER 4
Factors Effecting Polycarbodiimide Interaction with Anionic Dyes
4.1 Synthesis of polycarbodiimide family with diverse side chains

This chapter describes how different factors could affect interaction between
polycarbodiimide polymers and anionic dyes. Here, we synthesized polycarbodiimide polymers
with various pendant groups to continue our exploration of the interactions of polycarbodiimide
with anionic textile dyes. We adopted the synthesis method discussed in chapter two to obtain
the polymers described in this chapter. Catalyst, (R)-BINOL-titanium(IV)- diisopropoxide (Fig
2.3), was synthesized under an inert atmosphere condition inside a glove box as reported
elsewhere. Using amines and isocyanates, urea derivatives were synthesized. Carbodiimide
monomers were synthesized from corresponding urea derivatives, and later the monomers were
polymerized using the catalyst. The polymerization reactions were carried out at room
temperature and under an inert atmosphere of nitrogen. The urea derivatives, carbodiimides, and
polymers were characterized via FTIR and NMR spectroscopies according to previously reported
methods.! These polymers have been previously reported and the characterization spectra
resembled to those previously reported.

Five polymers were proposed to begin this work, structures in Figure 4.1. The first three
polymers each have an aromatic and an aliphatic pendant group. As dyes have aromatic groups,
the dye and polymer may also be able to interact via pi-pi stacking. The chemical structure of the
aromatic group varies in PCD-1 as compared to PCD-2 and PCD-3. The next two polymers,
PCD-4 and PCD-5 have aliphatic pendant groups. Although sacrificing potential aromatic pi-pi
interactions, these groups are less bulky and make the helical structure of the polymer more

flexible. The flexible helical structures could allow better interaction with the dyes, making an
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easier access to the nitrogen atoms on the backbone of the polymer. Three of these polymers,
PCD-1, PCD-2 and PCD-5 were synthesized and used for the research described in this chapter.
In pilot trials, PCD-5 outperformed, and the dyes used had the highest affinity for this polymer.

Therefore, PCD-5 was used in the rest of the experiments described in this chapter.
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Figure 4.1. Structures of polycarbodiimide used in dye interaction
experiments.

4.2 Effect of Solvent on Dye-Polymer Interactions

Introduction

Solvents can play crucial roles in polymers’ interaction with other molecules via affecting

the mode of interactions. For instance, polymer chains can extend in good solvents making
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pendant functionalities and the polymer backbone more easily accessible to other molecules,
whereas polymers in a poor solvent could adopt more restricted conformation limiting their
interactions with other molecules. Although polycarbodiimides are semi-rigid rod helical
polymers with persistent helical conformation in wide range of solvents, the solvent can still
affect some of their properties. >3 Depending on the interaction of the polymer with the solvent,
the nitrogen atoms on the backbone of the polymer could be sterically hindered to different
degrees. This could then affect the polymer’s interaction with dye molecules.

Polycarbodiimides can be dissolved in multiple different solvents which include
chloroform, dichloromethane (DCM), tetrahydrofuran (THF), acetonitrile and toluene. Herein
the effect of two solvents will be explored considering their ability to dissolve the polymers,
form a biphasic mixture with water, and safety. Chloroform and acetonitrile are not suitable
solvent choice for experiments that need to be carried out under strong basic conditions. As per
manufacturer’s material safety data sheet (MSDS), these may cause explosions in the case of
chloroform 4, or violent reactions in the case of acetonitrile.> As part of the process described
herein includes using basic reaction conditions with solution pH up to pH 10, thus, these two
solvents will not be used. Furthermore, THF is miscible with water, and thus not useful for
biphasic experiments described in this research. Both DCM and toluene are stable to pH changes
and are not miscible with water. These characteristics make them ideal choices for this
experiment.

Therefore, we will compare the effect of two solvents-dichloromethane and toluene using
PCD-5 and Acid Orange 7 (AQ7), structures shown in Figure 4.2. Dye absorption and removal
from its aqueous solution and subsequent release into a new aqueous system were performed as

described in chapter three. In brief, 1 mL of the polymer solution (5mg/mL), 0.2mL of AO7
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dissolved in DI water (0.5 mg/mL), and 0.8mL of pH 2 buffer were combined in a glass vial. The
mixture was agitated using a vortex mixture (Fisher Scientific) followed by twenty minutes of
rest (undisturbed) to allow phase separation. The aqueous phase was extracted using a pipette.
The aqueous solutions were diluted in pH buffer whenever necessary prior to their

characterization via UV-Vis spectroscopy.
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Figure 4.2. Chemical Structures of PCD-5 and AO7.

Results

The absorbance of AO7 by the polymer was comparable in both solvent environments
(Fig 4.3-A). Both environments allowed the polymer to absorb over 90 % of the dye. The slight
differences could be due to a variety of factors: dye-solvent interaction, polymer-solvent
interaction, and dye-polymer complex-solvent interaction and degrees of solubilities of these
complexes in each solvent. In the following experiments, toluene is used as a solvent because it

is more benign than DCM.
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Figure 4.3. AO7 absorbance by PCD in different solvents. A) UV-Vis Spectra, B)

Calculated dye removal percentage. n = 3 for toluene experiments, and n = 2 for DCM
experiments.

4.3 Use of Polycarbodiimides in Azo Dye Purification

Introduction

Dyes, as with most chemicals require a purification step to ensure all byproducts and
unreacted reactants are removed from the final product prior to their intended use. Textile dyes
must be pure for proper shade management. Most synthetic dyes are purified by conventional

dye purification methods, which could include precipitation, column chromatography, LC-MS,

96



recrystallization, and solvent extraction processes. Most of these methods use an abundance of
solvents and reagents (e.g.; column packing materials) that will be of single use.

Our success in removing anionic dyes from contaminated aqueous sources using PCDs
and subsequently releasing those dyes from polymer-dye complexes into clean aqueous system
(described in chapter three) prompted us to pursue a new approach on anionic azo dye
purification using PCD materials. Using the polycarbodiimide absorption and release processes,
the polymers and solvents used can be continuously recycled, reducing the chemical waste. This
process could be more efficient compared to traditional processes. Herein, we investigated
polycarbodiimide, PCD-5 and an azo dye, Acid Orange 7 (AO7) to enable dye purification from
a crude mixture. The general method used for this experiment was like those described in chapter
three. The experimental parameters have been presented in the method section. Experimental
parameters were first optimized using a pure dye sample prior to adopting the method for
purification of crude dye. Effects of pH, concentration of dye, and presence of salts in solution
were investigated to maximize PCD-dye complexation. Once dye was removed from
contaminated source/crude mixture as a PCD-dye complex, dye was released into a clean
aqueous solution. The effects of pH and temperature were investigated during this step.

Results

Dye Absorption by Polymer. Although a polycarbodiimide with different pendant
groups was used, the dye absorbance of the AO7 mimics the absorbance of AB90 which was
published in our earlier work. ® As represented in Figure 4.4-A, the most optimal conditions for
AQ7 absorbance by the PCD-5 polymer occurred at pH 2 when three different pH conditions

were screened.
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By holding the polymer concentration constant and varying the dye concentration, the
maximum dye absorption of AO7 was determined. The maximum dye absorption was observed
when the dye concentration was 0.75 mg/mL for 1 mg/mL of the polymer in toluene (Figure 4.4-
B). Knowing the optimal pH and the capacity of the polymer for dye absorbance allows for
better design of future experiments and informs of what would be expected in applications.

Salt is one of the most common byproducts in dye synthesis and one of the main
impurities that needs to be removed. To ensure the salt in the crude dye slurry does not adversely
affect the dye absorption by the polymer, varying salt concentrations were added to the pH buffer
with all other variables held constant. Adding salt, sodium chloride, to the dye at its maximum
capacity had a little effect. Therefore, the salt does not seem to adversely affect the dye
absorption process (Figure 4.4-C, left panel). To determine if the salt enhances dye absorption,
the concentration of the dye was increased to twice its maximum capacity in salt-free conditions,
while keeping the same concentration of the polymer as before, and the experiment was
performed. At the higher concentration of dye (1 mg/mL) the salt affected the dye-solvent
interaction, shifting the absorption of the control samples. Therefore, absorption at each salt
concentration was compared separately to its respective control to determine percent dye
absorption calculation. At higher dye concentration, a general trend was observed where
increasing salt concentration led to increased absorption of dye by the polymer as demonstrated
in Figure 4.4-C. Therefore, the salt already present in the crude dye slurry could even help in the
purification process. The proposed mechanism for all these effects has been discussed in Chapter

three of this document.
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Effects of Temperature and pH on Dye Release. The release of the dye from the
polymer-dye complex was investigated by varying the pH environment and temperature of the
solution.

Regarding the effect of temperature on polycarbodiimides, Lim et al, found correlations
between the structure of the pendant groups and the kinetic motion of the polymer.” Later the
same authors demonstrated that a PCD polymer with a methoxy group has a lower activation
energy than a PCD polymer with a methyl group.® These reports indicate the effect of
temperature on PCD could play a role. Furthermore, certain polycarbodiimides with fused
aromatic pendant groups undergo conformation switch due to temperature changes. ° These data

indicate that change in solution temperature could influence the polymer-dye interactions.
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Figure 4.5. Effect of pH and temperature on AO7 dye release
from the PCD-dye complexes.

Figure 4.5 shows results for experiments with all temperature and pH conditions tested. A
general trend was observed. As temperature increases, the release of Acid Orange 7 from the

100



dye-polymer complex increases. The samples at pH 7 have the most noticeable increase going
from less than ten percent to releasing slightly over half of the dye from the PCD-dye complex.
The samples at pH 8 show the second largest increase in dye release due to temperature. The
samples at pH 10 show less of a dependance on dye release due to temperature. These samples at
pH 10 may have been near the maximum release of dye already and therefore not be able to
release any more.

These results allow variations in dye release processing. Instead of using a high pH
environment for dye release, it is now possible to use a more neutral environment if the solution
is heated. This allows for less hazardous processing conditions. Moreover, results from our pilot
studies show the polymer can absorb dye from the crude slurry obtained directly after synthesis
and release into clean aqueous solution, making it possible to use this method for dye
purification. Later in this chapter, the stability of the dye to this process is characterized by mass
spectrometry in collaboration with the Williams laboratory and the Vinueza Laboratory at NC
State.

Methods

The same method from Chapter 4.2 for dye absorption was used, varying the pH buffers,
dye concentration and salt content of the pH buffer as shown in the graphs in Figure 4.4.

This method was adopted for the preparation of higher volume samples (3 X 20 mL).
The aqueous layer was removed, and an aliquot was preserved for UV-Vis analysis. The samples
were washed with DI water until neutral as tested by a pH paper. 1 mL of the dye-polymer
complex and 1mL of the appropriate pH buffer were added to a scintillation vial equipped with a
small stir bar. The mixture in the vials were stirred at the specified temperature using a magnetic

stirring hot plate. After the samples were stirred at the specified temperature for 10 minutes, the
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magnetic field was turned off for 20 minutes, while temperature was maintained to allow for
phase separation in the biphasic mixture. Immediately after, an aliquot of the aqueous layer was
taken for UV-Vis analysis.
4.4 Polycarbodiimide-Reactive Dye Interactions

Introduction

Reactive dyes are most used dyes for cellulosic fibers, one of the most popular fiber
types. The reactive dye industry was worth over $4 billion (USD) in 2022 and is expected to
grow to over $9 billion (USD) by 2032.1° Reactive dyes are the only dyes that form covalent
bonds with cellulosic substrates which gives them high washfastness properties, as well as
coming in a wide array of bright colors, and a relatively easy application.'! Unfortunately,
reactive dyes have the lowest fixation rates (amount of dye bound to the substrate) of all dyes,
only 50-70%, which means at least 30% of the dye used is lost during the dying process.'? Part of
this dye loss occurs due to hydrolysis, where instead of forming a covalent bond with the
hydroxy group on the cellulose, the dye instead reacts with water molecule.'® This reaction
prevents the dye from bonding to the cellulosic substrate. To decrease hydrolysis rates, high
concentrations of sodium chloride or sodium sulfate are added to promote the cellulose-dye
reaction.'? Therefore, a reactive dye effluent contains high amounts of dye and salt, which could
adversely affect the environment and human health. Dyes are persistent pollutants, for example,
Reactive Blue 19 (RB19) has a half-life of 46 years at 25 °C and pH 7.1* Reactive dyes in
untreated or undertreated effluent have been shown to reduce photosynthesis in aquatic
organisms by diminishing sunlight penetration and decreasing the dissolved oxygen
available.>% In turn, the loss of photosynthetic organisms and dissolved oxygen diminishes

biodiversity.}” Some dyes are also toxic to aquatic life.'® Deleterious effects of reactive dyes on
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human health include respiratory illness such as asthma.'® Several reactive dyes, including RB19
can form toxic and potentially carcinogenic aromatic amines.?°

Most conventional methods on treating textile effluent using chemical, biological, and
physical methods degrade the dyes or do not allow their reuse. A new approach on developing
reusable adsorbent has been reported by Memon et al.?* One of the main drawbacks of using
conventional polymer adsorbents in dye wastewater remediation is the creation of a sludge from
the dye-absorbent complex adding a secondary waste burden.?? Furthermore, synthetic dyes are
derived from petroleum-based products, a limited resource.?® The ability to reuse reactive dyes
lost to dyebath exhaust will decrease the amount of dyes in the effluent from a textile plant and
could make dying with reactive dyes more efficient and ecofriendly.

We showed that polycarbodiimide polymers are effective at removing anionic dyes from
their aqueous solutions.® Under acidic conditions the polymer exhibits an electrostatic attraction
to negatively charged dyes. The interaction is reversible through simple pH modulation. Under
basic conditions the dye associated with polymer in a polymer-dye complex can be set free due
to weakened interactions with the polymer.® Herein we investigate the removal of RB19 from its
aqueous solution using a polycarbodiimide polymer, PCD-5. Upon optimization of experimental
parameters, PCD-5 was used to selectively remove RD19 from textile dye exhaust.

Results

In this study, PCD-5, a polycarbodiimide with two hexyl pendant groups (Figure 4.6-A)
was utilized. The alkyl pendant groups make the polymer conformation more flexible as
compared to PCDs with aromatic pendant groups. The flexible helix could allow RB19, Figure
4.6-B, an easier path to bond with the nitrogenous backbone and form a dye-polymer complex

under an acidic environment.
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Figure 4.6. Chemical structures of polymer

and dye. A) PCD structure, B) Reactive Blue
19 structure.

To determine the most effective pH condition for dye absorption by the polymer, the pH
of the aqueous solution was varied, and percentage of dye removal from the aqueous condition
was estimated via absorbance measurements using UV-Vis spectroscopy. Figure 4.7-A clearly
exhibits pH 2 as the most effective condition with a dye removal of 86% unlike pH 4 and pH 5 at
12% and 7% dye removal respectively. The lower pH solution could allow for the protonation of
the nitrogenous backbone. The negatively charged dye can electrostatically interact with the
polymer under this condition. Hydrophobicity may also play a role in the dye-polymer attraction.

To determine the maximum concentration of the dye that the polymer can remove from
aqueous solution, the polymer was exposed to various concentrations of RB19 at pH 2. The PCD
polymer removed over 92% dyes from the solution when 0.75mg/mL of RB19 solution was used

for the experiment, Figure 4.7-B.
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Figure 4.7. RB19 Removal from aqueous solution. A) Effect of pH, B) Effect of dye
concentration, C) Effect of salt where low, medium, and high dye concentration are 0.75

mg/mL, 1 mg/mL and 1.5 mg/mL respectively.

As previously stated, a high salt environment is used to increase the absorption of
reactive dyes on a textile substrate. To understand how the high salt environment of the dyebath
exhaust would affect the polymer’s absorption of dye, varying concentrations of salts were added
to the aqueous solution of dye. Sodium chloride (NaCl) and sodium sulfate (Na2SOa4) were used
as they are the most common salts used when dying with reactive dyes. The addition of sodium

chloride showed minimal to no effects for low and medium concentration of the dye (0.75to 1
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mg/mL RB19) on the removal of the dye. Therefore, the dye concentration was increased to 1.5
mg/mL and the trend became evident. These dye concentrations are referred to as Low (L),
Medium (M), and High (H) for 0.75 mg/mL, 1mg/mL and 1.5mg/mL of RB 19 respectively as
shown in Figure 4.7-C. Although the degree for dye removal is different, the trend is like that
described for AO7 removal by PCD-5. To determine the effect of sodium sulfate addition, the
experiments were performed using 0.75 mg/mL RB19 dye. The addition of sodium sulfate
decreased the removal of the dye, from 93% with no salt, to 53% at the highest salt concentration
used, Figure 4.7-C.

The addition of sodium chloride also decreases the ability of the polymer to remove dye
from aqueous solutions. Instead of the “salting out” effect where dyes exhibit greater absorption
to the substrate, the salt decreases the interactions of the dye with the polymer. It may be due to
combined ionic strength and steric hindrance from counter ion. A smaller anion, due to less steric
hindrance, could interact with somewhat shielded nitrogenous backbone of the helix more
effectively than larger anionic dyes. As the sulfate has a higher negative charge, compared to the
chloride, this effect is apparent at a lower dye concentration.

Methods

Materials and Instrumentation

Polymer synthesis — Chloroform was purchased from Honeywell; all other chemicals
were purchased from Sigma Aldrich and used as received. PCD-5 was synthesized and
characterized by FTIR, '"H NMR and '>C NMR according to previously reported methods.*

Absorption of dye by polymer — 5 mg/mL PCD-5 in toluene was combined with an equal

volume of an aqueous dye solution. For a ImL scale, ImL of organic layer, 800uL of pH buffer,

and 200uL of dye (stock solution) was used. For the negative control, toluene was added to an
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aqueous dye solution. The biphasic solution was agitated for 15-20 seconds, then allowed to
partition for at least 20 minutes before an aliquot was removed for characterization. For the
effect of pH, Img/mL of dye was used with pH buffers of 2, 4, and 5. For the effect of dye
concentration, experiments were carried out at pH 2 with dye concentrations of 0.25mg/mL,
0.5mg/mL, 0.75mg/mL and 1mg/mL. For the effect of salt experiments, we used 0.75mg/mL dye
concentration and varying concentrations of salt dissolved in pH 2 solution for both the sodium
chloride and sodium sulfate salts. Additional experiments with Img/mL of dye at pH 2 were
performed with varying concentrations of sodium chloride solutions.

Characterization was performed using the aqueous layer from all experiments to estimate

for dye concentration. An aliquot of the aqueous layer of the biphasic solution was removed and
diluted with the pH buffer. The samples in polystyrene cuvettes were characterized by UV-Vis
spectroscopy on an Agilent Cary 300 spectrophotometer located in the Analytical Services
Laboratory, Wilson College of Textiles, NCSU. UV-Vis data for dyes show a wavelength of
maximum absorption at a specific pH (persistent for specified pH). The Beer-Lambert law,
absorbance (A) = molar absorptivity constant(g)*concentration of the dye(c)*length of the
cuvette(l), was used to calculate the concentration of the dye in the solution. The area under the
absorbance curve from 440 -740 nm was calculated using GraphPad Prism software for the
experiments. Dye removal from polymer absorbance was calculated by the following equation:
percent dye removed = [1 — (area under the curve of the experimental trial/area under the curve

of the control)] *100. Experiments were performed in quadruplets and repeated as necessary.
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4.5 Characterization of the Dye-Polymer Complex and Regenerated Polymer

Introduction

Both the dyes, RB19 and AO7 (Figure 4.8), used in these experiments have been
previously shown to have high affinity to the polymer. Here, we characterized the polymer-dye
complexes, the dyes, and the polymer regenerated upon a complete cycle of dye absorption and
desorption process. The characterization techniques used include UV-Vis and FTIR
spectroscopies, TGA, and DSC analysis. Using multiple characterization methods gives the most
well-rounded information as each method uses different aspects of the chemical structure and

properties.
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Figure 4.8. Chemical structures of polymer and dyes used in dye-polymer complex characterization.

Results

UV-Vis. UV-Visible Spectroscopy, UV-Vis, is used to determine the wavelengths of
light the dye-polymer complex absorbs. The instrument will pass light at varying wavelengths
through the sample and record how much light is absorbed by the sample.?* Dyes have a
characteristic wavelength of maximum absorption (if they are at the same pH). By comparing the
spectra, we can find possible wavelength shifts which indicate how the electronic structure of the
dye may change.
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The RB19-PCD-5 complex showed the characteristic maximum absorption of the dye,
around 584 nm, however the peak was evenly bifurcated. (Figure 4.9-A) The complex also
showed a small peak at 300 nm mimicking the polymer spectra. The AO7-PCD-5 complex also
showed the characteristic maximum absorption of the dye, around 484 nm but the peak was
shifted slightly to a lower wavelength and had a slight bifurcation. (Figure 4.9-B). The
bifurcation was not as even as the RB19-PCD-5 complex, but this may be an indicator for all
dye-PCD-5 complexes. Dyes absorb light based on their electronic structures. When the
electrons shift to interact with the polymer backbone, the electronic structure of the dye molecule
is altered, causing spectral shift. The bifurcation of the peak indicates non-homogenous
interactions of the dyes with the polymer. The AO7-PCD-5 complex also shows a very slight
peak at 330 nm echoing the polymer peak around 300 nm.

Both regenerated polymers, upon dissociation from PCD-dye complexes, match the
spectra of the virgin polymer (i.e., the polymer that was not subjected to dye) closely. However,
the polymer regenerated upon interaction with RB19 shows a slight absorption between 500-680
nm. This absorption corresponds to the absorption of the dye, indicating some residual dye

associated with the regenerated polymer (Figure 4.9-C).
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Figure 4.9. UV-Vis Spectra of dyes, polymer, dye-polymer complexes, and
regenerated polymers. A) RB19 dye, PCD-5 polymer, dye-polymer complex and
regenerated polymer, B) AO7 dye, PCD-5 polymer, dye-polymer complex and
regenerated polymer, C) PCD-5 and regenerated polymers from PCD-RB19 and
PCD-AO7 complexes.
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FTIR. Fourier Transform Infrared Resonance Spectroscopy, FTIR, is used to elucidate
the chemical composition of the dye-polymer complex and can give information on possible
bonding between the dye and polymer if the signal is visible or if the dye-polymer complex
differs from the virgin polymer. The working principal for FTIR spectroscopy is based on
vibrational spectroscopy in which excitation of molecules takes place using an infrared light
source.? If the energy of the light source matches with the energy of the dipole moment of the
molecule, it can be excited and is conserved to be FTIR active.

The RB19-PCD-5 complex and the polymer had almost identical spectra indicating that
the polymer overwhelmed the dye when characterized via FTIR (Figure 4.10-A). The
regenerated polymer matched the virgin polymer, indicating the polymer is not degraded during
the dye absorbance and release cycle.

The AO7-PCD-5 complex did show an amalgamation of characteristics from both the
virgin polymer and the pure dye, with additional peaks than in the virgin polymer. The peaks in
the hydroxy region (3400 cm™) and some additional peaks in the fingerprint region (1400-
400nm) correspond with the dye (Figure 4.10-B). The spectral changes are very slight. In the
FTIR spectra for both dyes, the dominant peaks are in the fingerprint region. With the addition of
the polymer in the polymer-dye complex, these subtle differences are easily overshadowed by
the polymer spectra. As with the RB19-PCD-5 complex, the virgin and regenerated polymers

were a close match.
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TGA. Thermogravimetric Analysis, TGA, is one of the most common thermal
characterization methods. TGA works by closely observing the weight change in a sample as it is
heated in a closed environment, typically under inert atmosphere such as nitrogen gas or air.?
For polymers, TGA is used to determine the decomposition temperature of the samples.

Figure 4.11-A shows TGA graph on neat (virgin) PCD-5, PCD-RB19 complex, and the

regenerated polymer upon complete cycle of dye absorption and desorption experiments. The
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RB19-PCD-5 complex had an onset temperature of 183 °C which is higher decomposition
temperature than both the neat (virgin) and the regenerated polymer with corresponding onset
temperature 158 °C for both. The molecular interactions between the dye and polymer require
more energy to break before the polymer can freely move which increases the degradation
temperature.?’

The dye-polymer complex, (Figure 4.11-A) shows an inflection point near 216 °C and
again around 290 °C. These numbers do not match with the weight percent of the dye nor the
reported decomposition of RB19.2 Therefore these inflection points must be due to how the
polymer chemically bonds to the dye. Interestingly, the regenerated polymer has one inflection
point around the same weight percent but a lower temperature, approximately 195 °C, as the first
inflection point of the dye-polymer complex. This is most likely due to residual dye which might
interact with the polymer decomposition product/s at an elevated temperature. It is to be noted
that UV-Vis analysis for PCD-5-RB 19 also showed that there is some residual dye in the
regenerated polymer (Figure 4.11-A).

The AO7 polymer complex behaves in a similar manner to the RB19 dye complex, where
the onset temperature, 181°C, is higher than the onset temperature of the virgin, 158 °C and the
regenerated polymer, 155 °C, Figure 4.11-B. The dye-polymer complex also shows two
inflection points, the first around 219 °C at 20% weight and the second at approximately 286 °C
and 8% weight. As with RB19, these inflection points do not match with either the weight
percent of the dye or the temperature of decomposition for the dye.?® The regenerated polymer
has an inflection point around 197 °C at 13% weight, again potentially due to residual dye

interacting with the polymer decomposition product/s at elevated temperature.
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Figure 4.11. TGA spectra of polymer, dye-polymer complex, and regenerated
polymer. A) with RB19, B) with AO7.

DSC. Differential Scanning Calorimetry, DSC, is another method of thermal
characterization. In DSC, the sample and a control are both placed in separate chambers and
heated or cooled to the same temperature.® The amount of energy it takes to heat the sample and
the control are compared and used to calculate the heat flow of the sample.*® For polymers, DSC
will show crystalline changes in the polymer such as melting, glass transition, and

recrystallization.!
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The polycarbodiimide used in these experiments, Figure 4.8, has been proven to form a
liquid crystal structure when dissolved in toluene and heated to approximately 45°C.%? As shown
in Figure 4.12, the virgin polymer DSC spectra has no significant peaks during the first heat
cycle. During the cooling cycle there is a recrystallization peak around 110 °C and on the second
heat cycle there is a crystalline melting peak around 130 °C. The virgin polymer demonstrates
some of the DSC characteristics of a liquid crystal reported in prior literature.3>32

Neither the RB19 or AO7 dye-polymer complexes showed liquid crystalline type
behavior nor a clear glass transition temperature. The dye may not allow the chains to pack
together as neatly, preventing the formation of organized domains. However, the regenerated
polymers from both dyes experiments have crystalline melting peak in the first heat cycle. The
regenerated polymer did not recrystallize during the cooling cycle and did not have a crystalline
melting peak during the second heat cycle, which could be attributed to any residual dyes
associated to the polymers as discussed in UV-Vis and FTIR characterization. It may be possible

to use DSC measurements to determine if the polymer is virgin or regenerated due to measurable

effects on DSC on the polymer.
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Figure 4.12. DSC spectra of PCD polymers and polymer-dye complexes.
Methods

UV-Vis Spectroscopy- Polystyrene cuvettes were used for the aqueous based samples,

and quartz cuvettes were used for toluene-based samples. The measurements were performed

from 284-800 nm as 284 nm is the cutoff for toluene. (The toluene absorption is high below that
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wavelength.) Triplicate experiments were performed using samples prepared as follows:
Preparation of PCD-5/Toluene sample: — 1mL PCD-5/Toluene (5mg/mL) was added to a
scintillation vial and 3mL of toluene was added. Preparation of RB19 solution —200uL RB19
(Img/mL) was added to 5.8mL DI water. Preparation of AO7 solution —200uL AO7
(0.25mg/mL) was added to 5.8mL DI water. RB19-PCD-5 complex preparation — [ImL PCD-5
dissolved in toluene (5mg/mL), 200uL RB19 (0.75mg/mL), 800uL pH 2 buffer, were mixed,
agitated, allowed to partition. The aqueous layer was removed.] The sample was diluted by
adding 3mL toluene; AO7-PCD-5 complex preparation — [LmL PCD-5 dissolved in toluene
(5mg/mL),200puL AO7 (0.5mg/mL), 800uL pH 2 buffer were mixed, agitated, allowed to
partition. The aqueous layer was removed.] The sample was diluted with 5mL of toluene. AO7
and RB19 PCD-5 release sample preparation— The absorption method experiment was repeated
as described previously. Then 1mL pH 12 buffer was added, the solution was agitated, and the
aqueous layer was removed . This was repeated, next the organic layer was washed with 3mL DI
water, aqueous layer was removed. The organic layer was diluted with 3mL of toluene. The
measurements were performed using an Agilent Cary 300 UV-Vis Spectrophotometer located in
the Textile Analytical Services Lab.

Samples for FTIR, TGA, DSC — The neat polymer sample was used and labeled as virgin

polymer. The dye-complex polymers were washed with DI water to remove any dye not bound
to the polymer, then the solvent was removed via Rotavap. The regenerated polymer was washed
with a high pH buffer until the aqueous layer was clear (no color), then the solvent was removed
via Rotavap.

FTIR — Samples were used as is on a ThermoFisher iS50 FTIR machine with a diamond

attenuated total reflectance crystal located in the Textile Analytical Services Lab.
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TGA — Approximately 6-7mg of each sample was heated at a rate of 10°C per minute to
400°C under a nitrogen atmosphere using a TA Discovery TGA 550 with a standard furnace. The
characterization was performed by Rachel Wu in the Textiles Analytical Services Lab.

DSC — A TA Discovery DSC 250 with RCS cooler and a heat flux instrument with an
autosampler was used for these experiments. The characterization was performed by Rachel Wu
in the Textiles Analytical Services Lab. The polymers samples (about 5-10mg) were heated to
below the melting temperature acquired from the pilot TGA data, as 150°C for the virgin and
regenerated polymers, and 170°C for the dye-polymer complexes at a rate of 10°C/min. The
samples were held at temperature for one minute, then cooled at a rate of 5°C/min until they
return to room temperature. After a one minute hold, the polymers were heated a second time

using the same parameters as the first heating cycle.

4.6 Dye Stability During pH Mediated Absorption and Desorption Process

Introduction

In most textile dyeing processes, dyes are not fully consumed. The unused dyes remain as
waste in the dye bath exhaust. The ability to remove these dyes from the dye bath exhaust and
potentially reuse them would have a great impact on sustainable processes. Any process to
facilitate reuse/recycle of the dyes must be mild enough to keep the dyes intact throughout the
process. Here, we investigate whether PCD polymers could be used in extracting Reactive Blue
19 dye from dye exhaust for potential dye reuse. However, we must first prove that the dyes are
chemically unaltered by pH-mediated absorption and release processes by the polymer. Chemical

structures for the polymer and the dye are in Figure 4.8.
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Mass Spectrometry, MS, could be used for characterization of the dye and ascertain that
dye remains unaltered during the process. In MS, the sample is ionized then the ions are
separated based on their mass to charge (m/z) ratios using a magnetic field and are detected by
the instrument.3* If the dyes do not alter during the process (dye absorption/desorption), the MS
spectra would match to the standard. If the dyes are altered, the fragmented ions will have a
different mass to charge ratio to the control.

Results

The results showed that molecular ion peaks for all the dyes tested (AO7, AB90 and
RB19) matched with their corresponding standards. Therefore, it can be concluded that the dyes
remain unaltered throughout the absorbance and release process. The target mass to charge ratio
for AO7 is 327.0445 m/z and our control and experimental results are close to this target at
327.0529 m/z and 327.0410 m/z respectively. (Figure 4.13-A).

RB19 can exhibit three forms, depicted in Figure 4.13-B. In its powder state (as
purchased), the dye does not have the vinyl sulfone group and has two sodium ions. When
dissolved, most of the dye becomes either the active form or the hydrolyzed from. The active
form of the dye contains the vinyl sulfone group which can react with hydroxy groups to form a
covalent bond. This form of the dye has a target charge of 483.0326 m/z and is the one used to
dye substrates. The second form is the hydrolyzed, unactive form, where the dye has reacted with
the hydroxy groups in water and is now useless from a dyeing perspective. This form has a target
mass to charge value of 501.0432 m/z.®® For successful recovery of the dye for reuse, most of it

should remain in the active form.
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Figure 4.13. MS spectra of dyes with relevant chemical structures before
and after polymer absorbance and release cycle. A) AO7 and B) RB19.
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The experimental spectra, Figure 4.13B, did not have a more significant amount of
hydrolyzed dye than the standard. The highest peak for the control and experimental samples
were 483.0368 m/z and 483.0521 m/z respectively indicating the active form of the dye. The
polymer appears to protect the dye from hydrolysis during the process, which gives the
possibility of reusing this dye.

As seen in Figure 4.13, all dyes tested were proved to be stable to a complete cycle of the
dye absorption and release process. However, we realized that use of pH buffer instead of HPLC
grade water during the process caused some background noise. To address this issue, we
repeated experiments using HPLC grade water and modulating the pH using hydrochloric acid
and sodium hydroxide instead of using buffer capsules dissolved in DI water. In pilot
experiments with AO7 samples the results showed much cleaner MS spectra. Therefore in future,
this method should be used to obtain cleaner MS spectra.

Method

1mL of PCD-5 in toluene (5mg/mL), 0.2mL of dye (either 0.75mg/mL RB19, or
0.5mg/mL AQO7 separately), and 0.8mL of pH 2 buffer were combined and mixed in a
scintillation vial. The aqueous layer was removed, and the organic layer was washed 3x with DI
water. 1ImL of pH 10 buffer was added and the contents were agitated. After the layers
repartitioned, the aqueous layer was characterized via MS direct injection. The controls used
were 0.2mL of the dye in 0.8mL of pH 10 buffer. The experiments were performed in triplicates.
The samples were run by Zoe Millbern (The Vinueza Lab) on an Agilent 6520 Accurate Mass
Quadrupole Time of Flight Mass Spectrometer using direct injection. The parameters were:
electrospray ionization, gas temp 300°C, drying gas 10 L/min, nebulizer flow at 25 psig. in

negative ion mode. The binary pump ran 10uL sample injections, using 70/30 HPLC grade
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water/Acetonitrile at a flow rate of 0.5mL/min. Note: The AO7 trial was run using HPLC grade

water and the pH was modulated using solutions of hydrochloric acid and sodium hydroxide.

4.7 Future Perspectives
Although we have started to understand the polymer-anionic dye interactions and
investigated some applications, there are many other avenues to explore. Below are some

projects based on our research for future investigations.

4.7.1 Structure-Property Relationships

Purpose

To further understand the molecular interactions between the PCD polymer and anionic
dyes. The interactions and ability of the anionic dyes to absorb to PCD polymers with different
pendant groups will provide more information on the dye-polymer complex and demonstrate
how tuning the PCD polymer affects its interactions with the dye molecules. The PCD and dye
mainly interact through ionic attraction between the sulfonate groups on the dye and protonated
nitrogen backbone of the polymer. The helical pitch on PCD polymers change with steric on the
pendant groups. Due to the polymer being helical with the nitrogen atoms on the inside of the
helix, less bulky side groups could allow easier access to the nitrogen atoms due to less steric
hindrance and more room between the coils of the helix. However, aromatic pendant group could
also influence the polymer-dye interactions due to potential aromatic n-w interactions.

Approach

Creating a library containing data on how each polymer interacts with the same set of
dyes from Chapter 3 under varying solvent, temperature, concentration, and pH conditions would

be a good starting place to start understanding trends. PCD polymers presented in Figure 4.1

122



could provide a basis to explore these interactions and effects of pendant group modulation. Over
time, more PCD polymers and dyes types such as reactive, disperse, or cationic can be added to
the library for a more complete knowledge base.

After gathering this data, collaboration with a computational chemist may provide a more
complete picture of the molecular interactions. With enough data, it may be possible for
computer simulations to predict if the dye will interact with a specific PCD polymer and which
conditions (solvent, temperature, concentration) would be the most efficient for dye absorption

and desorption.

4.7.2 Liquid Crystal Behavior of the Dye-Polymer Complex

Purpose

Based on studies by Kim et al, PCD-5 is capable of forming liquid crystalline
structures.®>3 From the DSC data earlier in this chapter, the polymer-dye complexes show
behavior more similar to a liquid crystalline structure than a traditional polymer structure.
However, only the regenerated AO7 had a definitive crystalline melting peak and did not show
any recrystallization in the cooling cycle.

Liquid crystal formation depends on how the polymer packs. The dye may inhibit the
polymer packing and stop the polymer from forming a liquid crystal or it may enhance the
polymer packing. It is heavily dependent on both the polymer and dye structure and how they
interact.

Approach

Using a digital polarized light microscope is a good way to screen a variety of dye-

polymer complexes and regenerated polymers to determine if they can form liquid crystals. For
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the systems which show promising results, the data can be further investigated with X-ray

crystallography.

4.7.3 Reuse of Reactive Dyes

Purpose

As stated in the literature review, reactive dyes are one of the most used dye classes but
also produce the most effluent. The ability to recapture reactive dyes from the wastewater
effluent and reuse them would increase the sustainability of dyeing. Not only would the
wastewater be properly cleaned, but less dyes and materials to make dyes would be needed,
decreasing the use of petroleum and energy to make the dyes.

From the data in Section earlier in this chapter, Reactive Blue 19 has been shown to be
stable to the absorption and release process. Furthermore, the dye did not exhibit significant
hydrolysis effects which means it is still suitable for use in dyeing.

Approach

To fully test this theory, a fabric should be dyed, using typical amounts of auxiliaries.
Then the wastewater should be collected and the PCD used to absorb the dye and release it in a
clean agueous environment. As this environment will be at pH 10, the environment must be
neutralized. Next, a new fabric should be dyed with the recovered dye.

Data can be collected on the amount of dye absorbed and released. To compare the dyed
fabrics, the original and the recovered dye fabric can be compared, but the concentration of dye
in the dyebath would be different. Therefore, the concentration of the recovered dye should be
calculated, and a second fabric dyed with the same concentration of virgin dye.

Spectrophotometers can be used to find the L*a*b* values of both fabrics for comparison.
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4.7.4 Polycarbodiimide Interaction with Disperse Dyes

Purpose

The PCD polymers may allow for the absorption of disperse dyes. The polymers with
long aliphatic pendant groups may be hydrophobic enough to entangle with the disperse dyes and
mechanically entrap them.

Approach

Initial exploration of the PCD interaction with disperse dyes should follow the
established pattern. First the optimal pH for dye absorbance should be investigated, followed by
optimal dye concentration and the effect of salt. Later the effect of temperature and pH on dye

release could be studied.

4.7.5 Polycarbodiimide Interaction with Cationic Dyes

Purpose

As with the previous section, PCD polymers can be synthesized to target the absorption
of cationic dyes. As cationic dyes are positively charged, the polymer must have a negative or
partially negative ligand.

Approach

Using Budhathoki-Uprety et al’s approach with click chemistry, post polymer modification

can be done to attach such a ligand.*¢3" After the polymer is synthesized and characterized via
FTIR and NMR work can begin on absorbing the cationic dye. As with acid and reactive dyes,
the main chemical interaction will be electrostatic interactions. However, for these experiments
the charge will be reversed with the negative polymer attracting the positive dye. The first

experiment should be to use acidic, neutral, and basic environments to determine which is the
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most effective at absorbing the dye. Under acidic environments with the protonated polymer
backbone, the dye may be repelled due to having a like charge. A basic environment is
theoretically the most effective for cationic dye absorption. It follows that an acidic environment

would be the best for dye release from the dye-polymer complex.
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CHAPTER 5
Sustainable Hydrophobic Finishes for Textiles

Introduction

Hydrophobic cellulose has grown ubiquitous in daily life, from floor finishes, food
packaging, and various textile applications such as outdoor fabrics, athletic gear, personal
protective equipment, and rain jackets. (Figure 5.1) Recent studies show that almost three
quarters of tested fabrics labeled as stain or water resistant were found to contain perfluoroalkyl
or polyfluoroalkyl substances (PFAS).:? About half of all PFAS produced globally are used in

textile production.*

Athletic Apparel -

Medical and other PPE

Floors

Rain Gear :
Food Packaging [l

Figure 5.1. Hydrophobic finish applications graphical representation.

PFAS while highly effective as water repellants are toxic to the environment and human

health.2 The US EPA gathered peer- reviewed studies that showed PFAS were linked to
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decreased fertility, developmental delays in children, increased risk of cancer such as kidney,
prostate and testicular, reduced immune system response, and increased cholesterol levels.?
Additionally, PFAS are synthesized from petroleum-based non-renewable resources and overuse
of these resources could pose threat to the environment.

Alternatives to PFAS in textiles, include wax/paraffin, dendrimers, polyurethanes, and
silicones.* Wax/paraffin treatments are not harmful to human or environmental health and are
cheaper than PFAS, but they can increase the flammability of the textiles they are applied to and
not all are durable.* Dendrimers are effective, especially with a combination of polyurethane or
silicone.* The cost of dendrimers range from being comparable to or more expensive than PFAS
finishes.* There are not enough studies to determine their impact on human and environmental
health but some may contain irritating organic acids.* Although polyurethanes are durable and
comparable in cost to PFAS, there are limited assessments on the impact on human health and
the environment from these chemicals. Silicone chemistry is effective and has good durability to
laundry.*

With long alkyl chains, saturated and unsaturated carbon-carbon bonds, vegetable oils are
a suitable resources for sustainable petroleum replacements for hydrophobic finishes.>®
However, the oils are nondurable and creates a greasy hand when directly/physically applied to
textiles. However, chemical modification of vegetable oil with a conjugation moiety to allow
chemical bonding with cellulose would create a plant-based, durable, sustainable water-repellent
finish for cellulosic materials. Herein, the synthesis of a hydrophobic finish and its application to

cellulosic materials is described.
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Synthesis of Bio-based Hydrophobic Finish as Alternative to PFAS

The cottonseed oil with carbon-carbon double bonds are reacted with peracid to form an
epoxy compound. An amino alkyl silane, 3-Aminopropyl Triethoxysilane (APTES), was treated
with epoxidized oil. The protected silanol groups were hydrolyzed to hydroxyl groups in the

final step of the synthesis (Figure 5.2).
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Figure 5.2. Reaction scheme for the synthesis of a cottonseed
oil derived hydrophobic finish.
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The silanol groups can react with hydroxyl groups on cellulose polymer to form silicon-
ether linkage. After application to a cellulosic material, the hydroxyl groups on the finish and
cellulose condense forming a chemical bond between the finish and the cellulose during the

curing process” 8 (Figure 5.3).
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Figure 5.3. Scheme showing condensation of hydrophobic finish to cellulose.

Results and Discussion

Epoxidation. The hydrophobic finish was synthesized in three steps. The first stage of
the three-step synthesis of the HSCSO is the epoxidation of the cottonseed oil (CSO), as seen in
Figure 5.3. The peracid formed by hydrogen peroxide and formic and sulfuric acid reacts with
carbon-carbon double bonds to form epoxy compound (ECSO).” The formation of the epoxy
groups from the alkene groups was confirmed by Fourier Transform Infrared Spectroscopy and
proton nuclear magnetic resonance spectroscopy characterization of the CSO and ECSO (Figure

5.4). The conversion of the carbon-carbon double bonds to epoxides is demonstrated by a
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decrease in the absorbance at 3010 cm™ (Figure 5.4b) corresponding to the carbon-carbon double
bond and the appearance of the characteristic bifurcated peaks at 845 cm™ and 825 cm™

corresponding to an epoxy ring in the FTIR spectra (Figure 5.4c). & 91
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Figure 5.4. ECSO characterization by FTIR. a) FTIR spectra of CSO and
ECSO overlaid, b) carbon-carbon double bond region inset, and c) epoxy region

inset

Silanization. In the second step of the synthesis, silanized cotton seed oil (SCSO) was
formed upon reaction of ECSO with APTES (3-Aminopropyl Triethoxysilane). The FTIR and
'HNMR analysis of the resulting compound showed the disappearance of the epoxy groups and
conjugation of APTES moiety to the triglyceride (Figure 5.5a). The absorbance corresponding to
an epoxy group at 845 cm™and 825 cm™ in the FTIR spectra has completely disappeared (Figure
5.5q).% 1213

These spectra also show the APTES has reacted with the ECSO instead of merely

physically mixing. An important indicator is the disappearance of the characteristic bifurcate
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peaks corresponding to a primary amine at approximately 3380 cm™. In the SCSO spectra, new

peaks from 3000 to 3600 cm (corresponding to hydroxy groups) appeared (Figure 5.5b).

Absorbance (a.u.)

Figure 5.5. SCSO characterization by FTIR. a) FTIR spectra of ECSO, APTES and
SCSO overlaid, b) amine/hydroxy region inset, c) silane region inset, d) epoxy region
inset.
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Hydrolysis. The hydrolysis of the protected silane was the third and the final step of the

chemical synthesis. This reaction was accomplished under acidic conditions (~pH 3) using water

and methanol as previously reported in literature (see method section). The FTIR spectra on the

hydrolyzed product showed appearance of a peak ~1020 cm™* (Figure 5.6) which can be

attributed to Si-OH as reported’ indicating the formation of the silanol derivative of CSO.
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Figure 5.6. HSCSO characterization by FTIR. a) FTIR spectra of
SCSO and HSCSO b) Si-OH region inset.

Application of HSCSO to Cellulose Substrate. The HSCSO finish was applied to a
cellulosic filter paper and a cotton fabric separately to enable covalent conjugation of the finish
compound with a cellulose polymer. The samples were cured at 140°C for 5 minutes and washed
with DI water to remove any unbound compounds from the surface.

The proper curing of the samples is vital. It is in this stage where the silanol
functionalities on the HSCSO and hydroxyl groups on the cellulose material condense to form an
ether bond between the finish and the polymer on the fiber (or paper) surface. The covalent

bonds make the finish durable to wear and washing.
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Condensation between the silanol groups is a possible side reaction. However, literature
on cellulose-silanol bonding indicates that under acidic conditions, the self-condensation of the
silanol is lessened.'? Literature also demonstrates other silanol vegetable oil based finishes have
covalently bonded to cellulose.*

The FTIR characterization of the fabric samples, seen in Figure 5.7a, demonstrates the
covalent bonding between the finish and cellulose substrate. The three samples are similar in the
hydroxy and alkyl range. However, only the HSCSO sample has the silane peaks from the finish

as shown in Figure 5.7b.
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Figure 5.7. Application of HSCSO FTIR characterization. a)
FTIR spectra of bleached and mercerized (BM) cotton treated
with DI water, CSO and HSCSO b) inset of silane region.
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Hydrophobicity is determined empirically by the water contact angle (WCA). The WCA
is the angle between a drop of water and a substrate’s surface. In Figure 5.8, the WCA’s are
shown by the light blue lines on the edges of the water droplets, measured by using a
goniometer. A material is considered hydrophilic if the WCA is under 90° and hydrophobic if
the material has a WCA above 90°.2° The filter paper started as marginally hydrophobic with an
average WCA of 91°. After the application of the HSCSO, it was transformed into a hydrophobic
material with an average WCA of 117°. The starting cotton WCA of 59° indicated a hydrophilic
material before the application of HSCSO. The final average WCA of the cotton was 129°,
exhibiting the conversion to a hydrophobic material. The images show the dramatic shift in

WCASs from the untreated and treated samples.
Filter Paper

a) b) c)

DI Water: 91° CSO: 94° HSCSO0: 117°

Cotton

.}
DI Water: 59° CS0: 96° HSCSO: 129°

Figure 5.8. Contact angle of water droplet on filter
paper and cotton treated with water, CSO or
HSCSO.

To further test the ability of the HSCSO finish, three additional aqueous substances were
dropped on the treated and untreated cotton, as shown in Figure 5.9. The water treated control
swatch quickly absorbed all of the liquid drops. The first substance, soy sauce, is a common

Asian condiment. The second substance, Coca-Cola, is a popular caffeinated beverage. The third

140



substance, Acid Red 37, is a textile dye similar in structure to Red 40 the most common food
dye. The CSO only treated sample (The oil was directly applied to the fabric without any
chemical modification) absorbed the various liquids. The HSCSO finish treated fabrics showed
liquid repellency towards these aqueous solutions. The fabric showed some affinity to these
liquids (Figure 5.9). However, the liquid repellency was distinct for the treated fabric as
observed from distinct droplets of aqueous red dye solution even after five minutes upon

application.

CSO HSCSO

DI Water Coca Cola

DI Water Coca Cola
Soy Sauce

Soy Sauce

-

Acid Red 37

Acid Red 37
Figure 5.9. Multiple substance drop on treated and untreated cotton fabric

Conclusions

A hydrophobic finish was synthesized from cottonseed oil through epoxidation and
subsequent silanization reactions. The finish compound was applied onto the cellulosic samples,
which exhibited water-repellency as tested with drop test experiments. The water contact
measurements on the treated fabric showed that the fabrics achieved sufficient hydrophobicity.
WCAs from the goniometer readings. The HSCSO finish exhibited liquid repellency to

additional water-based substances such as soy sauce, Coca-Cola, and Acid Red 37 solution in
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water. These results demonstrate that a sustainable, durable, and effective hydrophobic finish for
cellulosic materials can be synthesized from an underutilized coproduct without the use of PFAS.
This finish would not only be useful for cotton but could be used on other cellulosic substrates
such as rayon, linen, bamboo, hemp, paper, and cardboard.

Materials and Methods

Materials. Cottonseed oil from Ventura Foods in Brea, CA, 96% Formic Acid, 98%
Sulfuric Acid, 30% by wt. Hydrogen Peroxide, 99% 3-Aminopropyl Triethoxysilane (APTES),
99% sodium chloride from Sigma Aldrich, ACS Certified anhydrous sodium sulfate and ACS
Certified methanol from Fisher Chemical, 36% w/w aqg. Solution hydrochloric acid from Alfa
Aesar, Hydrion pH 2 buffer from Micro Essential Laboratory in Brooklyn NY, Whatman 4
150mm filter paper, bleached and mercerized cotton from Test Fabrics Inc in West Pittston PA,
DI water from Wilson College of Textiles. Acid Blue 37, from Sigma Aldrich, soy sauce from
W.Y. Industries Inc. in North Bergen, NJ, and a soft drink Coca-Cola from the Coca-Cola
Company in Atlanta, GA. Caution! Formic acid and APTES are flammable. Stored formic acid
must be vented occasionally to prevent explosions. Formic acid, sulfuric acid, hydrochloric acid,
hydrogen peroxide and APTES are corrosive and should be handled carefully. Formic acid and
hydrogen peroxide are toxic and sulfuric acid is a respiratory irritant if inhaled and should only
be used inside a chemical fume hood. APTES and hydrochloric acid are also toxic. Hydrogen
peroxide is a strong oxidant. This experiment controlled the risk by using minimal volumes of
acid and peroxide inside a chemical fume hood.

Characterization Methods. The FTIR characterization was done on a Thermo Fisher
i1S50. The spectra were corrected, then the absorbance was normalized by dividing by the

absorbance of one of the highest peaks. The samples were analyzed using information from
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literature and the Wiley Knowitall software predictions. The tHNMR spectra was collected using
a Bruker NEO 400MHz NMR instrument. The spectra were analyzed using the ChemDraw
approximation and literature references. The water contact angle characterization was done on a
FDS Corp. Dataphysics OCA System goniometer. The droplet size was an average of 4.97pL,
and the samples were tested in at least five different areas.

Epoxidation. Epoxidation of vegetable oil is a common reaction and easily adapted for
this purpose.>’ 911 14.16-22 Cottonseed oil, formic acid, and sulfuric acid were added to a three
necked round bottom flask with a thermometer, condenser, and dropping flask in a ratio of 1:
2.2: 0.07. Half of the hydrogen peroxide was added via dropping flask to the reaction mixture
while stirring using the ratio 1:4 of cottonseed oil to hydrogen peroxide. The reaction mixture
was heated to 50°C for two hours using a water bath, then the flask was removed from the heat
and the reaction mixture allowed to cool to room temperature. The second half of hydrogen
peroxide was added via dropping flask, then the reaction mixture was reheated to 50°C for an
additional four hours. The reaction was quenched with DI water. Ethyl acetate was added to the
mixture and organic layer (ethyl acetate) was washed with DI water until the reaction mixture
was neutralized as tested by using a pH paper. The organic layer was further washed with brine
and the organic layer was dried with anhydrous sodium sulfate. A rotavap was used to evaporate
ethyl acetate to obtain the product as a viscous liquid. The average percent yield was 90.86%.
The approximate epoxidation was 95.79% based on integrating the *HNMR carbon-carbon
double bond peaks.

Silanization. While silanization of an epoxidized vegetable oil is not as ubiquitous as the
vegetable oil epoxidation, the methods are consistent and could be adapted for this experiment.”

12-13,24-27 The Erlenmeyer flask and stir bar were flushed with N2 gas, epoxidized cottonseed oil
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(ECSO) was added, and the septum was tightly secured to the flask using parafilm. An inert
atmosphere inside the flask was maintained using a nitrogen balloon. 4 equivalents of APTES for
every ECSO were added via syringe. The reaction was heated to 80°C using a water bath and
kept under nitrogen conditions for four hours. The reaction was returned to room temperature
and kept sealed, no work up to prevent side reactions.

Hydrolysis. The hydrolysis method was mainly adapted from the method used by Thakur
et al'* with some input from other literature sources.?®3° Acid was added until the silanized
cottonseed oil (SCSO) has a pH of ~ 3. A solvent mixture, methanol: water (2:1 by volume)
solution in a ratio of 1 methanol: water to 181.4 SCSO was added. The reaction was heated to
40°C for 2 hours.

Application of HSCSO to Cellulose substrates. Samples were cut into squares; the
fabrics were washed with DI water and dried. The samples were dipped in hydrolyzed silanized
cottonseed oil (HSCSO) for about thirty seconds, the excess solution was squeezed out, and then
the samples were dried inside an oven maintained at 60 °C for at least twenty minutes. HSCSO
was applied two more times drying in between then cured at 140°C for at least five minutes and
returned to room temperature. The samples were washed with DI water, dried and water droplet
tests were performed. Water contact angle (WCA) measurements were performed using a
goniometer. Each goniometer sample had at least four readings and the overall water droplet
volume averaged to 4.97uL

Multiple Substance Drop Test. A 20uL drop of each substance, DI water, soy sauce,
Coca-Cola, and Acid Red 37 (Img/mL in DI water) were dropped onto the treated fabric

samples. The samples were photographed after each individual substance was dropped, 1 minute
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after the final drop, and 5 minutes after the final drop. Two additional images were taken of each
sample several hours later when the drops had been fully absorbed by each sample.
Acknowledgements. The hydrophobic finish synthesis work was partially funded by Cotton
Incorporated, NC. We thank Dr. Renuka Dhandapani (Cotton Incorporated) for helpful

discussions.
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