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ABSTRACT

Full Name . [Ibrahim Yahia Yaagoob Mohamed]

Thesis Title . ["Alternate Cyclocopolymerization: Synthesis of a Novel Class of
lonic Polymers and their Applications”]

Major Field . [Chemistry]
Date of Degree : [December, 2018]

A class of specialty diallylamine salt monomers (I) consisting of methyl- and propyl-
phosphonate, methylcarboxylate, and propylsulfonate pendants have been copolymerized
with maleic acid (I1) using Butler’s cyclopolymerization protocol. Ammonium persulfate-
initiated alternate copolymerization of MA  (II)  with Monomer
[(diallylamino)propyl]phosphonic  acid  hydrochloride (la) and N,N-diallyl-3-
(diethylphosphonato)propylamine (I-b) afforded polyzwitterion (PZ): poly[(la-HCI)-alt-
maleic acid] (111) and polyampholyte (PA): poly[(] b)-alt-maleic acid] (IV), respectively.
PA (1V) by ester hydrolysis generated PZ (I11). The pH-induced changes of backbone
charges in tetraprotic (111) and diprotic (IV) were tested by viscosity measurements.
Several protonation constants (or pKa) of the CO2 (or CO2H) and trivalent nitrogen (or
protonated NH™) in (111) and (V) have been determined. The performance evaluation as
an antiscalant in reverse osmosis (RO) fields were examined; PZ (I11) at a concentration
of 15 ppm revealed fabulous efficiency of =~100% in CaSOj4 scale inhibition from its
supersaturated solution for many days at 40 °C, whereas precipitation occurred within 10

min in the presence of 20 ppm of PA (1V).
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Alternate copolymerization of diallylamine derivatives [(CH>=CH-CH.)2NR; R= Me (lc),
(CH2)3PO(OEt)2 (Ib), and CH2PO(OEL) (1d)]-MA (I1) and [I(c,b,d).HCI]-SO: pairs have
been carried out thermally using ammonium persulfate initiator as well as UV radiation at
L of 365 nm. The reactivity ratios of = 0 for the monomers in each pair [I(c,b,d)]-MA (1)
and [I(c,b,d).HCI]-SO- ensured their alternation in each copolymer. However, numerous
attempted terpolymerization of [I(c,b,d)]-MA-SO; failed to entice MA (Il) to participate
to any meaningful extent. In contrast to reported literature, only 1-2 mol% of MA (I1) was
incorporated into the polymer chain mainly consisting of poly([I(c,b,d)]-alt-SO>).
Quaternary diallyldialkylammonium chloride [(CH2=CH-CH):N*R2 CI'; R= Me, Et] (V)
also, did not participate in V-MA-SO. terpolymerizations. Poly(lc)-alt-SO2) (V1) is a
stimuli-responsive polyampholyte; its transformation under pH-induced changes to
cationic, polyampholyte-anionic, and dianionic polyelectrolytes has been examined by
viscosity measurements. The pKa of the two carboxylic acid groups and NH* in VI has
been determined to be 2.62, 5.59, and 10.1. PA (VI), estimated as a potential antiscalant
in reverse osmosis domains, at the concentrations of 5 and 20 ppm, imparted ~ 100%
efficiency for CaSO4 scale inhibition from its supersaturated solution for over 50 and 500

min, respectively, at 40 °C.

The novel pH-responsive resin which contains a high density of CO>” motifs as well as the
chelating motifs of glycine residues have been synthesized as the first example of an
alternate cyclopolymerization of diallylammonioethanoate [(CH2=CHCH2)2NCH2CO7]
(1e) and MA (I1) in the presence of a cross-linker afforded a cross-linked polyzwitterionic
acid (CPZA) (VII), which upon base treatment gave the corresponding cross-linked

anionic polyelectrolyte (CAPE) (VII1). The resin CAPE (VIII) found to be a super-
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adsorbent removed simultaneously methylene blue (MB) and Hg(Il) from aqueous solution
and spiked industrial wastewater; with remarkable efficacy having a maximum uptake
(qme) of 2101 mg g for MB and 263 mg g* for Hg(ll) ions. The process showed an
extraordinarily fast adsorption rate; the resin (250 mg) was able to trap 69, 78 and 99.4%

MB from its 3000 mg L ! solution (100 mL) within 2, 3 and 30 min, respectively.

The resin CAPE (VIIII) turned out to be a super-adsorbent for pararosaniline
hydrochloride (PRH) removal from aqueous solution; having a maximum adsorption

capacity gmax 0f 1560 mg g™ as determined by Langmuir adsorption isotherm.

The adsorption isotherms, kinetics, and thermodynamic parameters of the adsorption have
been determined. The excellent recycling efficiencies ensured the reuse of the resin. The

very impressive performance accorded the resin a prestigious place among many sorbents.
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CHAPTER 1

INTRODUCTION

lonic polymers are those polymers having ionic groups in the polymer backbone. Such as
carboxylate (-CO2), phosphonate (-POs?), or sulfonate (-SOs). There has been a
remarkable academic and industrial significances in the preparation as well as properties
of water-soluble ionic polymers. These polymers are of tremendous interest for their
distinct appropriateness to various research applications. There are two main categories of
water-soluble polymers; non-polyelectrolytes and polyelectrolytes. All water-soluble
polymers share the common feature of having hydrophilic polar functional sets that may
be non-ionic, anionic or cationic. The anionic and cationic polymers together are referred
to as polyelectrolytes, whereas the non-ionic counter parts are called non-polyelectrolyte.
In recent years, an overwhelming number of studies have concentrated on the water-soluble
polymers. There are some reports, which attributed to the synthesis of assembling ionic

copolymers introduced by Butler’s cyclopolymerization method.
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1.1 lonic Polymers by Cyclopolymerization

Application of Butler’s cyclopolymerization protocol [1-7] is instrumental in converting
diallylammonium salts 1 into a plethora of industrially significant cyclopolymers 2 whose
pyrrolidine ring-embedded architecture is considered to be the eighth most important
structural type [8,9] (Schemel.1). Butler’s cyclopolymer poly(diallyldimethylammonium
chloride) has numerous publications and patents (> 1000): water purification and personal
care formulation remain the important areas of its application [1]. The industrially
important water-soluble cationic polyelectrolytes 3 can also be synthesized by the

cyclopolymerization of diallyldimethylammonium chloride and sulfur dioxide [10-12].

w L J e —>/[\Uﬁ”
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Scheme 1.1 Butler’s cyclopolymerization protocol.

Using Butler’s cyclopolymerization protocol, the polyzwitterions 5 can be synthesized
from diallylammonium monomers 4, which has both positive and negative charges in the
same molecule (M*). Likewise, the zwitterionic copolymers 6 have been synthesized by
the cyclopolymerization of diallylammonium monomers 4, and sulfur dioxide (Scheme
1.2) [2-4, 12-20]. However, the presence of both M* and M- in the same polymer chain

constitutes a polyampholyte with or without charge symmetry [14].



Scheme 1.2 Cyclopolymerization of diallylammonium monomers 4, and sulfur dioxide.

The polyampholytes and polyzwitterions exhibit ‘anti-polyelectrolyte behavior [17-23],
which can be explained by the presence of added polyelectrolytes (e.g., NaCl). Increasing
the concentrations of NaCl increases the solubility and viscosity values due to the effective
neutralization of the opposite charges of the polymers, and the polymers appear as
collapsed or globular coil confirmations. The opposite behavior is observed in a typical
polyelectrolytes (i.e., the viscosity decreases with increasing the concentrations of NaCl),

Figure 1.2.

The commercial polyampholytes and polyzwitterions derived from acrylate and
acrylamides, considered to be biopolymers such as proteins and DNA, have been widely
used in many industrial applications such as charge dispersing agents, textiles and colloids

[15].
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Figure 1.2 Antipolyelectrolyte behavior of polyzwitterions. Dashed lines (||||) indicate
intrachain attraction.

Sometimes, the zwitterionic interactions are so strong that it requires a large critical salt
concentration (CSC) of NaCl to disrupt the intra- and interchain attractive interactions and
permit its water solubility [10,24]. Due to the strong intragroup, intra- and inter-chain
electrostatic interactions, the polyzwitterions (PZs) maintain globular coil confirmations
through ionically cross-linked network, and are usually insoluble in salt-free water
[2,3,20,22,25,26]. The PZs exhibit ‘anti-polyelectrolyte behavior’. The viscosity value

increases in the presence of added NaCl due to the effective neutralization of the opposite



charges of the polymers in a collapsed coil conformation [20,27,28]. The Na* and CI ions
shield (neutralize) the negative and positive charges in a dipolar motif, respectively, to
different extents thereby leaving a net charge, which leads to the globule-to-coil transitions

as a result of chain expansion of the polyelectrolyte (Figure 1.2).

Radical copolymerization of maleic acid (MA) 8 with diallyl amine 7 results in
polyampholytes 9, which are completely or to high extent soluble in water (Scheme 1.3)
[29]. Because of the strong interactions between the different charged moieties of the
macromolecules, polyampholytes are either completely insoluble in water, or at the very
least over a broad range of pH, too. Contrarily to this well-known behavior, the
polyampholytes from MA and the allyl and diallyl amines were found soluble in water
either over the whole range or over a major part of the pH. Dimethyldiallylammonium
chloride 10 gave the copolymer 11 as shown in Scheme 1.3 [30]. The obtained copolymer
11 belonged to class IV low-toxicity substances, which exhibit pronounced antimicrobial

activity with respect to some bacterial and fungal species.



1.2 Literature Review

1.2.1 Synthesis and Polymerization of Quaternary Ammonium Compounds

Koetz and coworkers [31,32] have reported synthesis of a series of hydrophobically
modified polyampholytes 13 by copolymerizing the cationic monomer 10 and the anionic
monomers maleamic acid or butylmaleamic acid 12 to examine the influence of
hydrophobic side chains of the synthesized polyampholytes on the phase behavior as well
as the properties of the polyampholyte-modified microemulsions (Scheme 1.3).
Potentiometric behavior of polyampholytes 13 based on 10 and maleamic acid derivatives

12 have been studied (Scheme 1.3) [33,34].

The hydrophobically substituted diallylamines 14 bearing a hexyl, dodecyl, or octadecyl
chain has been copolymerized with maleic acid to produce alternating copolymers 15
(Scheme 1.3). The copolymers were found to act as amphiphilic polyampholytes and
dissolve best in the acidic or in the basic forms [35]. The amphiphilic poly(ampholyte):
poly(N,N-diallyl-N-hexylamine-alt-maleic acid) 15a, carrying simultaneously carboxylic
acids, amines and hydrocarbon side chains (Scheme 1.3), was used as a matrix to stabilize
inorganic ion species (anionic as well as cationic) created in aqueous solution from

Ni(NO3)2:6H20, Co(NO3)2-6H20 and (NH4)2M004[36].
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In a study conducted by Thiinemann and co-workers, polyampholytes 17 with alternating
cationic 16 and anionic 12 monomers were synthesized and complexed with fatty acids
(dodecanoic acid and perfluorododecanoic acid) (Scheme 1.4). The formation of the
polyelectrolyte-fatty acid complexes is self-assembled and produces nanoparticles with

sizes in the range of 3-5 nm that were named dressed micelles [37].
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Scheme 1.4 Alternate copolymerization of cationic 16 and anionic 12 monomers produced
polyampholytes 17.

The water-soluble polymers are of tremendous interest for their distinct importance to
multiple applied research. Water-soluble polymers are generated in large amounts, and are
widely used in manufacturing consumer products. There are couple major types of water-
soluble polymers: non-polyelectrolytes and polyelectrolytes. All water-soluble polymers
participate the mutual element of bearing hydrophilic polar functional groups that may be
non-ionic, anionic or cationic. The anionic and cationic polymers together are referred to

as polyelectrolytes.

A water-soluble polyzwitterionic matrix possessing simultaneously charged species and

complexing groups was synthesized by copolymerizing diallyldimethylammonium



chloride 10 and a functionalized maleamic acid 18 bearing an amine group suited for ionic
complexation (Scheme 1.5). The matrix was used to stabilize inorganic species generated
in solution from Ni(NOgs)2-6H20, Co(NOs)2-6H20 and/or Mn(NOs)2-4H20 along with
(NH4)sM07024:-4H,0. The presence of a complexing amine group in addition to the
charged betaine moieties in the polymer permits to stabilize efficiently more than

stoichiometric amounts of the cationic as well as the anionic species in the polymer-salt

blends [38].
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Scheme 1.5 Copolymerization of diallyldimethylammonium chloride 10 and a
functionalized maleamic acid 18 leading to a water-soluble polymer 19.

1.2.2 Chemicals to Control Scale Formation in Desalination Plants

The antiscalants are extensively used to control scale formation in desalination plants based
on various processes such as Reverse Osmosis, Multi-Stage-Flash and other water

treatment processes like cooling towers, boiler water, oil wells, etc., [39]. The deposits

10



commonly encountered in desalination process include mineral scales (i.e., CaCOsg,
CaS04°2H,0, CaS04+¥2H>0, CaSO4, Mg(OH)2, corrosion products, polymeric silica and
suspended matter [40]. The possible mechanism for the prevention of scale formation has
been reported [41]. Various kinds of additives have been explored for controlling the
deposition of alkaline scale (e.g., calcium carbonate, magnesium hydroxide) and sulfate

scale in desalination plants [42].

Typical additives used as antiscalants include polyphosphates, organophosphonates,
poly(acrylic acid), poly(maleic acid), and copolymers containing a variety of functional
groups such as carboxyl, acrylamide, sulfonic acid, ester, etc. Polymer-based materials are
also used as antiscalants; the effectiveness of additives poly(maleic acid) (PMA) based
Belgard EV 2000 and polyphosphonate (PPN) based DSB(M) in scale control has been
reported [43]. The anionic form of the antiscalants helps prevent scale formation by

sequestering the cations.

The use of poly(acrylic acid) and poly(acrylamide), often used as water-soluble polymers
with anti-scale properties, do not show biodegradability [44]. Thus, there is a desire for
biodegradable water-soluble polymers [45-47]. Sodium polyaspartate has been examined

for its calcium ion-chelating ability [48,49].

Dispersants for polymeric silica, a cause for problems in desalination plants, based on
phosphonate, carboxylate and sulfonates has been reported [50]. Exceptional chelating
properties of compounds consisting of aminomethylphosphonic acid groups in a molecule
have attracted great interest to synthesize low molecular-weight chelating agents
containing these functional groups that should be able to form polymer-heavy metal ion

complexes from wastewater [51-53]. The formation of soluble Ca?* by the polymers will
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restrain them from precipitating and thus blocking membranes in the reverse osmosis

treatment in desalination plants.

1.2.3 Sorbents for the Removal of Toxic Metal lons

Cross-linked polymeric materials containing chelating functional groups of amine,
carboxylate, phosphonate, etc., motifs have enabled a significant interest in the separation
and removal of toxic metals. Functional groups having aminomethyl phosphonate motifs
have shown exceptional chelating properties in the elimination of toxic metals from
aqueous solutions [54,55]. Pollution caused by toxic metal ions has been found to have a
large negative influence on the environment. Metal ions like Pb?*, Zn?*, Cu** and Cd*
cause several diseases and disorders; for example, copper poisoning can cause liver and
kidney damage, irritation of the respiratory system, whereas cadmium can cause nervous

system damage, bone damage as well as other serious illness [56-61].

According to World Health Organization (WHO) standards, the maximum permissible
concentration of copper in drinking water is 0.2 mg/L [62], while it is 0.2 and less than 2
mg/L for agriculture irrigation and ponds fish farming, respectively [63]. For protection of
humans and the environment, it is very important to clear copper ions from environments.
For Cd, the drinking water guideline value recommended by WHO is 0.003 mg/L [64]. It
is hard for chemical precipitation technologies to treat economically low concentration
(less than 5 mg/L) of cadmium. lon exchange and reverse osmosis have been efficient in
acquiring the metal concentration limits but at the expense of high operation and

maintenance costs [65].
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The polysulfobetaines (polyzwitterions) bearing charges of both positive and negative
signs on the same repeating unit are a good candidates for the water technologies because
of its dual role in removing the cationic or anionic effluent and they can impart anti-
microbial properties [66]. Nowadays, researchers have concentrated on the syntheses of
zwitterionic cross-linked inorganic/organic hybrid materials for the elimination of toxic
heavy metal ions as well as organic dyes via electrostatic effects [67-69]. The literature
given above explains many sorbent materials to remove larger concentrations of strontium
ions; however, it remains challenging to develop new materials for removing strontium

ions at ppb-levels.

1.2.4 Sorbents for the Removal of Organic Dyes from Aqueous Medium

Textile industries generates relatively large volumes of wastewater, and thus, [70] creates
quantity good portion of effluents highly charged with pollutants which form a critical
threat to the environment. For instance, at the order of one cubic meter of dye-contaminated
water per ton of clothes manufacturing. Liquid and solid wastes resulted from these
industries are difficult to treat. It is estimated that 10 — 15% of the dyes are lost in dye
effluents during dyeing operations [71]. It is considered that the textile industries are
responsible for 15% to 20% of the global water pollution [72]. Dye pollution in water leads
to blocking the penetration of light desired for photosynthetic activities, inhibits the
growth of biota, mutagenic, carcinogenic [72,73] and may produce chelates with metal
ions exist in water that may be more toxic to aquatic creatures than the parent metal ions
alone [74]. The annual production of dyes all over the world is approximated at 800,000
tones and around 50% of these are azo dyes [75]. Moreover, from an environmental

perspective, the removal of synthetic dyes is an important issue. They include different
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species of synthetic dyes, which are known to be a main source of environmental
contamination in terms of both the volume of dye discharged and the effluent composition
[76]. Dye effluents discharged from the dyestuff processing, dyeing, printing and textile
industries act a sharp worldwide problem. Accordingly, these effluents need an initial
treatment in order to reduce their contaminating load before being rejected into the natural

environment.

Removing dyes from textile waste waters is somehow hard due to their high impedance to
degradation and oxidation by classical techniques. [77]. for the time being, there is no
single process able to provide sufficient treatment, mainly because of the complex nature
of the effluents. [78]. Wastewaters can be treated by biological, chemical and physical
approaches. By biological methods, many organic molecules existing in the wastewaters
are degraded using microbial degradation, fungal decolorization or adsorption by microbial
biomass and bioremediation systems [79]. Coagulation, chlorination, flocculation, classical
oxidation and electrochemical processes are introduced as chemical methods. These
techniques show efficiency for the treatment of wastewaters. The main disadvantages of
the chemical processes are their high cost and accumulation of the concentrated sludge

after the removal of dye.

Adsorption and membrane-filtration operations are mostly used as physical methods.
Adsorption is a well-known equilibrium separation process and an effective technique for
water decontamination operations [80]. Adsorptive removal of dyeing waste color is useful,
due to its low cost, simplicity of process design, ease of operation, and insensitivity to toxic

compounds [74]. Among potential sorbent substances, activated carbon is the most
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important one for its high surface area and porous morphology, but its re-use is limited by

the material loss during recovery. [81-84].

A study reported by Ozdemir and co-workers [85] investigated the possibility of
melamineformaldehyde-urea (MFU) resin as an adsorbent for the removal of dye from
leather industry wastewaters. Methylene blue, which is also known as tetramethylthionine,
was used as a model dye to obtain the optimal conditions for the adsorptive treatment
process. Parameters such as granule size, pH, contact time, column flow rate were
optimized and studied by batch and column processes. They concluded that the adsorption
capacity of the resin for methylene blue is greater than those of most unconventional

sorbents.

Akazdam et al. [86] studied the removal of Acid Orange 7 dye from wastewater using the
macroporous strongly basic anion exchange resin Amberlite FPA-98. They characterized
the adsorbent by Fourier Transform-Infrared Spectroscopy (FTIR) and X Ray Diffraction
(XRD). FTIR was used to study the principle mechanism for AO7 adsorption, and the
results showed complexation and ion exchange appeared. In addition, they studied a batch
adsorption by carrying out the removal of AO7 under various parameters such as contact
time, pH, initial dye concentration, adsorbent dosage, agitation speed, and solution
temperature. Experimental isotherm data were analyzed using Langmuir, Freundlich and
Temkin isotherm equations and the isotherm constants were calculated using linear
regression analysis for the determination of the isotherm parameters, which describe the
adsorption process. They then concluded that the best fit was obtained by Langmuir model
with a Langmuir maximum monolayer adsorption capacity of 200 mg/g at 303°K. A

comparison of kinetic models applied to the adsorption of AO7 onto Amberlite FPA-98
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was evaluated for the pseudo-first-order, the pseudo-second-order, Elovich, intraparticle
diffusion and Bangham's kinetics models. The adsorption kinetic data were properly fitted
very well with the pseudo-second-order kinetic model. Based on the results obtained, a
summary that the concentrated solution gives better removal efficiencies was concluded.
The thermodynamic parameters were also evaluated in the same study. The negative values
of AH® = -118.34 kJ/mol and AS° = -396.8272 J/K.mol indicated respectively that the
adsorption of AO7 onto Amberlite FPA-98 was exothermic; and spontaneous process. The
Gibbs energy (AG®°) increased when the temperature was increased from 298 to 323°K
indicating a decrease in feasibility of adsorption at higher temperatures. The results have
established good potentiality for the Amberlite FPA-98 to be used as a sorbent for the

removal of AO7 from wastewater.

Song Cheng and coworkers [87] studied the removal of organic dyes from aqueous
solutions using waste catalyst-derived adsorbent: Isotherm modeling and kinetic. By
preparing a waste catalyst-derived adsorbent (WCDA) from mercury-containing waste
catalyst (MCWC) obtained from polyvinyl chloride (PVVC) production process by thermal
treatment method via microwave—assisted CO; activation, to remove methylene blue (MB)
and methyl orange (MO) from the aqueous solution, achieving the utilization of waste
hazardous resources. After they investigated the physicochemical properties of WCDA and
MCWC by N adsorption, SEM, FTIR, Raman spectroscopy measurements and X-ray
Photoelectron Spectra. MB and MO dyes were used as models, to evaluate the adsorptive
performance of the WCDA. The equilibrium data were described by a Langmuir model
with MB and MO adsorption capacity of the 260 mg g~* and 420 mg g2, respectively. The

results indicated that the WCDA can adsorb MO easier than MB. The kinetic data were
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accurately represented by a pseudo-second-order kinetic model. They also observed that
the adsorption rate of the MO is larger than that of the MB. The same research group
concluded that the preparation of WCDA is feasible and the WCDA can be a promising

adsorbent for MB and MO removal from aqueous solution.

Xu et al. [88] reported a synthetic strategy of a novel triptycene and crown ether-based
porous copolymer POP-TCE-15 bearing many attractive features, such as high surface
area, good microporosity, hydrophobicity, and high densities of O heteroatom groups, by
Friedel-Crafts reaction. They also reported its application as adsorbent for the removal of
dyes such as MB, RhB (rhodamine B), and MO. They observed that POP-TCE-15
displayed the best performance, with a maximum adsorption capacity of MB, RhB, and
MO of 787.4 mg g?, 421.9 mg g, and 64.8 mg g, respectively. The high adsorption
capacity was explained by the electrostatic interaction between the positively charged
cationic MB and the lone pair of electrons on the O atoms of crown-ether-15. The
adsorption kinetics, isotherms, and regeneration of the adsorbent for the removal of MB,
RhB, and MO were studied in detail. The mechanism of adsorption of the dyes on POP-
TCE-15 was tentatively illustrated by theoretical quantum calculation. In conclusion, the
fast adsorption Kinetics, large adsorption capacity, excellent chemical stability, and good
reusability make POP-TCE-15 an adsorbent with great potential for the removal of dyes

from water.

1.3 Present State of the Problem

Polyphospho-, sulfo- and carbo-betaines (containing repeating unit of a phosphonate,
sulfonate and carboxylate motifs), which seem to mimic for instance, phospholipid

biomembranes, have offered many new applications [2,89]. Extraordinary chelating
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properties of compounds containing aminomethylphosphonic acid groups have attracted
considerable attention to synthesize low molecular-weight chelating agents containing
these functional groups that should be able to form polymer-heavy metal ion complexes
from wastewater [90-92]. The synthesis of a series of new pH-responsive polymers would
pave the way to study cationic polyelectrolyte—to—polyzwitterionic—to—anionic
polyelectrolyte transitions involving polymers having identical degree of polymerization.
Poly(acrylic acid) and poly(acrylamide) are often used as water-soluble polymers with anti-
scale properties, but they do not exhibit biodegradability [93]. Therefore, there is a demand

for biodegradable water-soluble polymer.

In this work, novel cross-linked resins containing high charge density of -phosphonate and
carboxylate motifs will be synthesized and tested for their efficiency as adsorbents for the
removal of toxic metal ions such as Pb(ll) and Cu(ll) heavy metal ions as well as organic
dyes (for instance: methylene blue, pararosaniline, and crystal violet) from aqueous

solutions.

1.4  Objectives

The aim of this proposed research is to synthesize a novel series of pH-responsive polymers
via cyclocopolymerization and cycloterpolymerization of specialty diallyl ammonium
monomers and maleic acid. The aim of this research is two-fold: (i) synthesis of an
interesting new class of ionic polymers, and (ii) their applications in various fields. The
proposed work is thus of both academic and industrial interests. The presence of multiple
cationic and anionic sites in a linear polymer and cross-linked resin is anticipated to
sequestrate metal ions to prevent scale formation, and chelate harmful metal ions,

respectively, in addition removal of organic dyes from their aqueous solutions.
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More specifically, the proposed study have the following objectives:

To have academic significance:

1. To synthesize a diallyl amine/ammonium (DA) monomer containing phosphonate

motifs and their cyclopolymerization with maleic acid (Schemes 1.6).
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Scheme 1.6 Cyclopolymerization of a diallyl amine (DA) 20 monomer with maleic acid
8 produced 22.



The hydrolyzed monomer 26 [94,95] and 8 will be copolymerized to give pH-responsive

polymer 27 (Scheme 1.7).
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Scheme 1.7 Copolymerization of hydrolyzed monomer 26 and MA 8 to give pH-
responsive polymer 27.
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2. Tosynthesize a DA monomer containing sulfonate pendant and its polymerization

with maleic acid (Scheme 1.8).
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Scheme 1.8 Copolymerization of a DA monomer 29 with MA 8.
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3. To synthesize a DA monomer containing carboxylate pendant and its

polymerization with maleic acid (Scheme 1.9).
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Scheme 1.9 Copolymerization of a DA monomer 34 with MA 8.
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4. To synthesize cycloterpolymers of a DA monomer with maleic acid and SO

(Scheme 1.10).

—

L J H02C8 CO,H
2

(HCO)m s,

A TBHP A
or APS
m =1 and/or 3 I 40

A= P(OE),
O
and /or SO; Na*

39

and / or CO,Et

; ;
S s}~
| o |+ n
O 0O,C CO,H O

Scheme 1.10 Terpolymers of a DA monomer 39 with MA 8 and SO:..
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5. To synthesize novel cross-linked resins containing phosphonate and carboxylate

pendants (Scheme 1.11).
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Scheme 1.11 Synthesize of cross-linked resin 42 via a DA monomer 26, MA, and cross-
linker 41.
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6. To study the solution behavior of the resulting polymers (Scheme 1.6 - 1.10) by

interconverting to polyzwitterions, polyelectrolytes, polyzwitterion/anion.

To have industrial significance:

7. Evaluation (screening) of the synthesized polymers (Scheme 1.9) as antiscalant to
prevent for instance of CaSO4 and/or CaCOs scaling.
8. Evaluation of the cross-linked resins (Scheme 1.11) as adsorbents for the removal

of toxic metal ions and some organic dyes from aqueous solutions.
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CHAPTER 2

SYNTHESIS AND APPLICATION OF POLYZWITTERIONIC AND
POLYAMPHOLYTIC MALEIC ACID-ALT (DIALLYLAMINO)
PROPYL PHOSPHONATES
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2.1 Abstract

Ammonium persulfate-initiated alternate copolymerization of maleic acid with phosphonic
acid monomer [(CH2=CH-CH2)2NH*(CH2)sPO3H. CI-] (I) and phosphonate ester
monomer [(CH2=CH-CH):NH*(CH.)sPOsEt, CI-] (Il) gave polyzwitterion (PZ):
poly[(I-HCI)-alt-maleic acid] 111 and polyampholyte (PA): poly[(Il)-alt-maleic acid] 1V,
respectively. PA 1V, upon ester hydrolysis, gave PZ Ill. The pH-induced changes of
backbone charges in tetraprotic 111 (with respect to each repeating unit) and diprotic 1V
were examined by viscosity measurements. PA 1V exhibited antipolyelectrolyte character
in the presence of neutral salt NaCl. Several protonation constants K of the CO, - and
trivalent nitrogen in 111 and 1V have been determined. The performance evaluation as a
potential antiscalant in reverse osmosis (RO) plants were examined. 111 containing acid
motifs of —-PO3zH. at a concentration of 15 ppm demonstrated remarkable efficiency of
~100% in inhibition of CaSOj4 scale from its supersaturated solution for several days at 40
°C, while precipitation occurred within 10 min in the presence of 20 ppm of IV containing

ester motifs of —-POzEt,.

Keywords:  pH-Responsive  polymers;  Cyclopolymerization;  Polyzwitterion;

Polyampholyte; Protonation constant; Polyphosphonate.
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2.2 Introduction

Butler’s cyclopolymerization protocol [1,8] using diallylammonium salt monomers has
etched an important place in the synthesis of a variety of ionic polymers of remarkable
industrial significance [2,3,96]. This industrially important protocol is known to lead to the
formation of a pyrrolidine ring-embedded backbone considered to be the eighth most
important architecture for high polymers [2,9]. Butler’s cyclopolymer poly
(diallyldimethylammonium chloride) has numerous publications and patents (> 1000) [1];
millions of pounds of poly(diallyldimethylammonium chloride) are sold annually for water
treatment [1]. The polymers from diallylamine salts [(CH2=CH-CH>).NH'R CI], bearing
pH-responsive backbone nitrogens and functionalities in the pendants (R), undergo pH-
induced transformation to polymers having charges of both algebraic signs in the chains
[3,6,97]. The bio-mimicking polyampholytes (+ —) [98,99] and polyzwitterions (x) [100]
have found applications in the field of biotechnology, medicine, oil industry,

hydrometallurgy and desalination [5].

The effectiveness of a desalination process depends on the mitigation of scale formation
leading to membrane fouling. In reverse osmosis (RO) membrane desalination, as the
concentration of salts, such as calcium sulfate, calcium carbonate, barium sulfate and
strontium sulfate, etc., exceeds their saturation levels, the crystallization (i.e., scale
formation) on membrane surfaces results in the decline of permeate flux. The feed passages
are also often plugged by the scale. There are three commonly employed methods of scale
control: acidification, ion exchange softening and antiscalant addition. Antiscalants are
surface-active materials that interfere with precipitation reactions to keep the scaling salts

in supersaturated state [101]. As a crystal begins to grow, an antiscalant is adsorbed on its
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surface thereby disrupting the crystal growth and leading to a soft non-adherent distorted
scale. An antiscalant can act as a dispersant; upon adsorption onto a crystal surface, it
imparts high anionic charges to keep the crystals separated. The active ingredients in
commercial antiscalants are mostly proprietary mixtures of various polycarboxylates and

polyacrylates, condensed polyphosphates and organophosphonates [101-103].

Herein, with judicious choice of monomers, Butler cyclopolymerization protocol is utilized
to decorate the repeating units with both the carboxylate and phosphonate motifs, which
are potent functionalities to impart antiscalant behavior. Thus, we report, for the first time,
the copolymerization of 1, 11 and 12 (containing phosphonate pendants) with maleic acid
(2) to pH-responsive alternate copolymers (Schemes 2.1 and 2.2). The study would
examine the mechanism of alternation, the pH-induced transformation and the efficacy of

the copolymers as antiscalants.
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2.3 Experimental

2.3.1 Materials

Ammonium persulfate (APS), 2,2'-azobis(2-methylpropionamidine) dihydrochloride
(AMPH) from Sigma-Aldrich, and maleic acid from BDH Chemicals Ltd., Poole, England,
were used as received. Trivalent amine 11 and its hydrochloride salt 12 were prepared as
described [104,94]. 3-(N,N-Diallylamino)propanephosphonic acid (1) was obtained by
means of hydrolysis of 11 following the reported procedure [102]. The molar mass of 1
was determined to be 277 g mol™ using *H NMR integration of several non-overlapping
signals of the monomer and a known concentration of ethanol. It is difficult to remove the
strenuous HCI present in the sample. Note that the calculated molar mass of 1 is 255.68 ¢
mol™. As such, in subsequent polymerization, the monomer is considered to have a purity
of 92%. Spectra/Por membrane with molecular weight cut-off (MWCO) of 6000-8000 Da,

was purchased from Spectrum Laboratories Inc. was used for dialysis.

2.3.2 Physical Methods

A Perkin Elmer Elemental Analyzer Series 11 Model 2400 (Waltham, Massachusetts,
USA) was employed to determine elemental composition. A Thermo scientific FTIR
spectrometer (Nicolet 6700, Thermo Electron Corporation, Madison, WI, USA) was used
to record IR spectra. *'P, *H and **C NMR spectra of the polymers were measured in D20
on a JEOL LA 500 MHz spectrometer. 3P NMR was referenced with 85% HsPO4 in
DMSO. The residual HOD signal of D»O at & 4.65 ppm, and dioxane *C resonance at &
67.4 were used as internal references. However, the position of residual proton resonance

of D20 depends on the solution pH; in such cases the chemical shifts were referenced with
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sodium 3-trimethylsilylpropionate-2,2,3,3-ds (TSP-deuterated) having H signal at § 0.0
ppm. An Ubbelohde viscometer (Viscometer Constant = 0.005718 cSt/s) was utilized for
viscosity measurements. An SDT analyzer (Q600: TA instruments, USA) was utilized for
thermogravimetric analyses (TGA) in the range 20-800 °C increasing at rate of 15 °C/min

using N2 flowing at a rate of 50 cm®/min.

2.3.3 Polymer Synthesis

2.3.3.1 Copolymerization of 3-(N,N-diallylamino)propanephosphonic Acid (1)
and Maleic Acid (2)

The alternate polymerizations were performed under the conditions described in Table 2.1.
In one such case (entry 2, Table 2.1), APS was added at 98 °C in two equal portions (2x200
mg) with an interval of 5 min to a stirred mixture comprised of monomer 1 (2.77 g, 10
mmol) and maleic acid (2) (1.28 g, 11 mmol) in water (1.74 g; monomers/water wt ratio is
70:30) in a RB flask fitted with a condenser under N». After 20 min at 98 °C, the polymer
solution was cooled and dialyzed against deionized water. Note that initial polymer 3
became cloudy when diluted with H2O and clear in dilute HCI. During dialysis against
distilled water, a thick cloudy jelly material settled at the bottom of the dialysis tube within
an hour. At this stage, dialysis was continued against a 0.3M HCI which rendered the
polymer mixture clear and ensured the removal unreacted maleic acid. On further dialysis
against distilled water, the mixture became cloudy and a gel settled at the bottom of the
dialysis tube. Afterward (48 h), both the supernatant and the jelly material were subjected
to freeze drying to give copolymer 4 (2.5 g, 75%). (Found: C 46.2; H 6.8; N 4.1%.
C13H22NO7P requires C 46.57; H 6.61; N 4.18%); 6p (200 MHz, 2 M NaCl in D20): 23.08

(m, 1P); &p (200 MHz, in D20 in the presence of 4 equivs NaOH): 20.33 (major, 98%, s,
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1P), 26.23 (m, minor, 2%); Vmax (KBr): 3566 (broad), 2958, 2925, 1717, 1458, 1233, 1122,

1029, 906, 704, 669, 537, and 474 cm™*. The peak assignments of the signals in the *H and

13C NMR spectra are displayed in Figure 2.1 and Figure 2.2, respectively.

Table 2.1 Cyclocopolymerization? of monomers 1, 12 and 13 with maleic acid 2

Entry Monomer (mmol) I(r%iaast;)r Yieldb [n]c-l
1 11 12 2 (mg) (%) (dLg”)
1 5.0 - - 5.5 400 4:55(90)  0.0614¢
2 5.0 - - 5.0 300 4:75(85)  0.0872¢
3 5.0 - - 5.5 300 4:72(93)  0.0581¢
4 5.0 - - 11.0 300 4:66 (91)  0.0611¢
5 - - 5.0 5.5 300 14: 66 (98) 00178
6 - 100 - 11.0 400 15: 73 (90)  0.0618
7 - 5.0 - 5.5 300 15: 82 (94)  0.0253
8f - 5.0 - 5.5 (AGRAPH) 15: 45 (60) 0.0657

4Copolymerization reactions were carried out in aqueous solution of two monomers (70
w/w% monomers) in the presence of ammonium persulfate (APS) or (AMPH) at 98 °C

for 20 min.

Polymer obtained is written in bold followed by isolated yields; the percent conversion
determined by *H NMR analyses of the crude reaction mixture are written in parentheses.
“Viscosity of 1-0.25 % polymer solution in 0.1 N NaCl at 30 ° C was measured with

Ubbelohde Viscometer (K = 0.005317 mm? s2).
din the presence of 1 equiv NaOH.

¢ Polymerization carried out in the presence of 5.0 mmol NaCl.
" Polymerization was run for 48 h at 80 °C.
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2.3.3.2 Copolymerization of N,N-diallyl-3-(diethylphosphonato) Propylamine
(11) and Maleic Acid (2) through lon pair 13

For the experiment under entry 6, Table 2.1, a mixture of trivalent amine 11 (2.76 g, 10.0
mmol), and maleic acid 2 (1.28 g, 11.0 mmol) in water (1.74 g; monomers/water wt ratio
is 70:30) was stirred at 98 °C under a positive atmosphere of N2 in a RB flask attached to a
condenser. Then, initiator (APS) was added in two equal portions (2x200 mg) with an
interval of 5 min. Exothermic polymerization ensued with the increase in viscosity. After
stirring at 98 °C (15 min), the mixture was dialyzed against deionized water for 24 h. The
dialyzed mixture was then freeze-dried affording alternating copolymer, polyampholyte 15
as a white powder (2.85 g, 73%). P (200 MHz, D20): 23.60 (s, minor 10%, 1P), 31.19 (s,
major 90%); (Found: C 51.8; H 7.9; N 3.4%. C17H30NO-P requires C 52.17; H 7.73; N
3.58. Vmax (KBr): 3455 (broad), 2984, 2941, 1712 (s), 1640 (s), 1575 (s), 1451, 1395, 1214,
1051, 1023, 968 and 790 cm™*. The peak assignments of the signals in the *H and 3C NMR

spectra are displayed in Figure 2.1 and Figure 2.2, respectively.
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2.3.3.3 Copolymerization of Hydrochloride Salt 12 and Maleic Acid (2)

For the experiment under entry 5, Table 2.1, a mixture of hydrochloride salt 12 (1.56 g, 5.0
mmol) and 2 (0.640 g, 5.5 mmol) in water (0.94 g; monomers/water wt ratio: 70:30) was
stirred at 98 °C in a RB flask attached to a condenser and maintained under a positive
atmosphere of N2. Then, initiator (APS) was added in two equal portions (2x200 mg) with
an interval of 5 min. Exothermic polymerization ensued to give a viscous solution. After
stirring at 98 °C for 15 min, the mixture was cooled and dialyzed against 0.1 M HCI for 24
h and subsequently against deionized water. The dialyzed mixture was treated with
concentrated HCI (0.50 g, 37%, 5.0 mmol) and freeze-dried to obtain alternate cationic
copolymer 14 as a white powder (1.29 g, 66%). (Found: C 47.4; H 7.5; N 3.4%.
C17H3:CINO7P requires C 47.72; H 7.30; N 3.27. 8P (200 MHz, D20): 25.85 (m, minor,
5%, 1P), 31.16 (m, major, 95% 1P); vmax (KBr): 3483 (broad), 3208, 3082, 2990, 2939,
2703, 1724, 1639 (very weak), 1612, 1452, 1399, 1201, 1027, 966, 801, 704 and 610 cm ™.
The peak assignments of the signals in the *H and 3C NMR spectra are displayed in Figure

2.1 and Figure 2.2, respectively.

2.3.3.4 Ester Hydrolysis of Polyampholyte 15 to Polyzwitterion 4

A solution of polyampholyte 15 (obtained from entry 6, Table 2.1) (1.5 g, 3.83 mmol) in 6
M HCI (20 cm®) was stirred at 90 °C under N2 for 24 h. The solution of the resulting cationic
polymer 3 upon depletion of HCI during dialysis (24 h) against deionized water gave PZ
4. Initially polymer 3 was soluble in the presence of HCI, however as the dialysis was
continued PZ 4 started separating out within 1 h as a jelly material. The heterogeneous
mixture was freeze-dried to obtain 4 (1.22 g, 95%). The polymer thus obtained is spectrally

(IR, NMR) similar to 4 obtained via copolymerization of 1 and 2 (vide supra).
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2.3.4 Potentiometric Titrations

The basicity or protonation constants (K) of several basic centers in the synthesized
polymers were determined in CO»-free water using procedures reported elsewhere [35,105]
as described in Tables 2.2 and 2.3. A certain number of mmole of a repeating unit of PA
15 (ZH2+ -) or PZ 4 (ZH>*) in water (200 cm?) was titrated by stepwise addition of 0.05—
0.15 mL of = 0.1 M NaOH or HCI. Because of water-insolubility, PZ 4 (ZH2*) was first
dissolved using 1-1.5 mL of 0.09594 M NaOH, then the titration was continued. Log Kis
were calculated using the pH values and the Henderson-Hasselbalch equation (Eq. 2;
Scheme 3). While all three log Kis (i = 2, 3, 4) associated with the protonation of PDA (=)
17 were determined, two (log Ki and log Ks) of the five log Kis associated with the
protonation of basic centers in PTA (= =) 8 could not be determined. Log Ks, associated
with the equilibrium: 4 (ZH4*) + H* < (ZHs") 3, was not determined since PZ () 4 was
water-insoluble, while log K1 involving (: Z==) 8 + H* < 7 (ZH* =) would require a large

amount of NaOH to generate a meaningful concentration of (: Z = =) 8.

2.3.5 Antiscalant Behavior of the Synthesiszed Polymers

A solution containing Ca?* (2598 mg L) and SO.> (6300 mg L), which is
supersaturated with respect to CaSO4, was used to investigate scale formation at 40 £ 1 °C
as described [106] using its supersaturated solution in the presence of antiscalants 4
(derived from hydrolysis of polymer 15 from entry 6, Table 2.1) and 15 (Table 2.1, entry
6). Stock solution of antiscalant 4 was prepared by dissolving it in the presence of minimum

quantity of NaHCOs. At a certain time, called induction time, the conductivity decreased
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suddenly as a result of scale formation (Table 2.4). Any turbidity is confirmed by visual

inspections.

2.4 Results and Discussion

2.4.1 Synthesis of Alternate Copolymers

The results of the alternate cyclopolymerization of diallyl amine salts 1, trivalent amine 11
and amine salt 12 with maleic acid 2 are given in Table 2.1 Cationic monomer 1/maleic
acid 2 copolymerization afforded polycation (PC) (+) 3 which was changed to
polyzwitterion (PZ) (£) 4 during dialysis as a result of depletion of HCI (Scheme 2.1).
Changing 1:1 monomer stoichiometry (i.e., changing the feed ratio) did not change the
composition of polymer 4 as indicated by its identical IR and NMR spectra (vide supra) as
well as elemental analyses (entries 1-4, Table 2.1), which indicated the formation of

alternate copolymers.

Similar homopolymerization of N-alkyldiallylammonium chloride as well as its
copolymerization with maleic acid in aqueous solution using 5 mol-% 2,2'-azobis[2-
methyl-N-(2-hydroxyethyl)propionamide] (VAO086) as initiator for 48 h at 75 °C have been
reported to give polymers in low yields (typically below 20%) [106,107]. High initiator
concentrations (up to 5 mol-%) were necessary to obtain the polymers, while the use of
other initiators (ammonium persulfate, hydrogen peroxide) did not improve the yields
[106,107]. It is interesting to note in the current work, the use of ammonium persulfate (=
10 mol%) at higher polymerization temperature (98 °C) for a short duration (20 min)

afforded the alternate PZ 4 in very good isolated yields (= 70%) (Entries 1-4, Table 2.1).
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Note that the monomer conversions were =~ 90% as determined by 'H NMR analyses;

during dialysis, however, low MW molecules left the dialysis tube.

The reactivity ratios for diallylamines / maleic acid copolymerization are very much close
to zero, thereby indicating a perfect alternating copolymerization [107]. Several reports
suggested that the alternating incorporation of the amine and maleic acid monomers may
be attributed to the formation of ions pairs (akin to 13, Scheme 2.2) in solution and their
polymerization [108,109]. In the current work, both the monomers 1 and 2 are fully
protonated, and the extent of ionization in a highly concentrated solution (70:30 wt. ratio
of monomer/water) is rather low. This led us to believe that as in the case of the alternating
copolymer of styrene and maleic anhydride, the copolymerization described here points
towards a preferential combination of electron-rich 1 and electron-poor 2 monomers.
Similar argument might as well be put forward against the formation of monomer ion-pair
for the cyclopolymerization of 2/12 (Scheme 2.2). The stronger binding ability of CI™ for
the positive nitrogen would preclude the formation of ion-pair involving maleate anion

HO2.CCH=CHCO: .

The polymerization of 11/2 monomer-pair as depicted by structure 13 (Entries 6-8, Table
2.1) as well as copolymerization of 12 and 2 (Entry 5, Table 2.1) afforded the same
polyampholyte (PA) 15 (Scheme 2.2). The copolymerization under entry 5 was even run
in the presence of NaCl, which has excellent ability to bind to positive nitrogen, thereby
preventing the maleate to be a part of the ion-pair. The results thus indicate that ion-pair
formation is not necessary to form alternate copolymers, rather it is the result of near zero
reactivity ratios of the monomers. Note that while the initiator APS afforded copolymers

in 20 min reaction-time in very good yields (entries 1-7), the azo initiator AMPH gave
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polymer 15 in lower yield even after carrying out the polymerization for a duration of 48

h at 80 °C (entry 8).

The isolated yields of the polymers as obtained after dialysis are given in Table 2.1.
However, the actual percent conversion (written in parentheses, Table 2.1) was determined
by H NMR analyses (as described below) of the crude reaction mixture. The area A under
& 5.5-6 ppm accounts for 6 olefinic protons of unreacted monomer 12 or 13, while its
remaining 20 H would appear in the range & 1.2-4.1 ppm accounting for an area of B [i.e.,
(A/6)x20] (Fig. 2.1a). The total integrated area C in the range 61.0-4.1 ppm would belong
to area integration of 28 H (26 H from repeating unit of 12 and 2 H from maleic acid 2) of
polyzwitterion 15 (Fig. 2.1c) and 20 H of unreacted monomer 12. The area D of the
polymer alone would then equate to (C-B). The percent conversion was then calculated
using integration of 1 H of the polymer 15 and monomer 12 as: 100 x (D/28)/[(D/28) +

AJ/6]. In a similar fashion, the percent conversion to 4 was determined.

2.4.2 Solubility Behavior

Unlike the majority of electroneutral polymers, PA (+—) 15 was found to be water-soluble.
A possible rationale could be that both the positive nitrogens as well as the negative charge
centers on the carboxyl are in a crowded environment, thus preventing them from
intragroup, intra- and inter-chain associations required for the manifestation of ampholytic
interactions [8]. The relatively large separation between the charge centers and their
difficulty in transiting to a curled conformation are expected to increase the dipole moment
(w) of the ampholytic motifs. Increased dipole moment would lead to increased

hydrophilicity and solubility [110,29].
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Polyzwitterion (£) 4, however, was found to be water-insoluble. pK1 of POzH: in (+) 3 and
pK1 of CO2H in (+) 14 is expected to be < 2 and = 4, respectively (vide infra). As a result,
POsH™ in (x) 4 has more dispersed charge than CO>" in (+ ) 15, thereby making the former
motifs less hydrated and hence more capable of manifesting zwitterionic interactions with
the positive nitrogens [33]. Polyzwitterion 4 was insoluble in salt free water both at room
and elevated temperatures (40-70 °C). At 4 wt. % in 0.5 M NaCl, PZ 4 was soluble at 0 °C,
but became cloudy while heating (50 °C). The lower critical solution temperature (LCST)
was determined to be 27 °C. As expected, the PZ was found to be soluble in the presence
of NaOH to generate polymers 5-8 (Scheme 2.1). In the presence of HCI (0.1 M), PZ 4 is

transformed to cationic 3 which was found to be water-soluble.

2.4.3 TGA Curves, FT-IR and NMR Spectra

The PZ 4 was found to be more stable than PA 15 according to their TGA curves (Fig. 2.3).
For PZ 4, a 6% weight loss up to 200 °C was accounted for the removal of moisture. An
additional 7% loss in the range 200-270 °C resulted from the elimination of water as a
result of formation of cyclic anhydrides from two neighboring CO2H groups. A loss of =
23% in 275-400 °C range is attributed to the release of maleic anhydride units from the
polymer backbone [111,113]. The total loss up to 400 °C was found to be 36%, while the
maleic acid units’ accounts for 34.6% thus giving credence to the described losses
mentioned above. A further loss of 36% in the 400-800 °C range is linked to the detachment

of phosphonate pendants.

The IR spectra of (£) 4, (+) 14 and (+ —) 15 revealed a strong absorption band at =~ 1720
cm attributed to C=0 stretch of CO.H group. While the absorption peak for CO, "~ ions in

15 appeared at 1575 cm™ [33], the corresponding peak was absent in the spectrum of 14.

43



Fig. 2.1 and 2.2 display the NMR spectra of several polymers. The absence of any signal
for residual alkene protons at 85.5-6 ppm or carbons at = §125 ppm suggested the
degradative chain transfer [107] by abstraction of allylic hydrogens or coupling process for
the termination reaction. As compared to homopolymer 18 [114] (Scheme 2.2) (Fig. 2.1b),
the spectrum of copolymer (+ —) 15 (Fig. 2.1c) is broadened presumably as a result of its
compact coil conformation and hydrophobic association in aqueous solution [101]. The
presence of a peak near180 ppm proves the incorporation of maleic acid in the copolymer
(Fig. 2.2c,d,e). Note that the 3C NMR signals attributed to the carbons in the polymer
backbone marked ‘a’ and ‘b’ are missing in the spectrum of (+ —) 15 (Fig. 2.2¢e), while the
carbons away from the polymer backbone give well resolved signals. This behavior is
characteristic of many polymerized surfactant, pointing to an immobilization of the
polymer backbone. Note that the ester carbons marked ‘h’ and ‘g’ (Fig. 2.2a,d,e) are absent

in the NMR spectra of the hydrolyzed polymers (Fig. 2.2b,c).

The 3C NMR spectra shed some light on the monomer sequence of repeating units in the
current polymers. The backbone carbon marked ‘a’ for homopolymer 19 around 627 ppm
(Fig. 2.2b) is shifted downfield in the copolymers’ spectra (Fig. 2.2¢,d); the absence of any

residual signal around 627 ppm points toward a perfect alternation of the repeating units.
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Figure 2.3 TGA curves of 4 and 15

2.4.4 Viscosity Measurement

The viscosity values of PA (+ —) 15 (entry 6, Table 2.1) are presented in Fig. 2.4. The

antipolyelectrolytic [112] behavior of the polyampholyte is demonstrated as evinced by the
direct proportionality of the viscosity with the NaCl concentrations (cf. Fig. 2.4d-f). The
ampholytic dipole may not be electroneutral; a residual negative charge on the dipole is a
consequence of greater neutralization of N* by CI~ as compared to the binding ability of
CO2 by Na* [23,115-116]. The magnitude of excess negative charge on a dipole increases
with increasing salt concentrations, thereby leading to increasing repulsion among the

dipole centers and increasing viscosity.
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The pH-induced changes in the polymer backbone of 14-17 are illustrated in Scheme 2.3.
In 0.1 M HCI, PA (+ —) 15 becomes CPE (+) 14; increased hydrodynamic volume as a
result of repulsion among positive charges leads to the increase in the viscosity (Fig. 2.4c).
PA (+—) 15 is transformed to polyampholyte/anion (+ =) 16 and polydianion (=) 17 upon
treatment with one and two equivalents of NaOH, respectively. As expected, the viscosity
increases in the presence of NaOH (Fig. 2.4a and b), the larger charge imbalance in (=) 17

makes it more viscous.

In order to correlate the viscosity values of polyphosphonate ester and polyphosphonic

acid, PA (+—) 15 (entry 6, Table 2.1) is converted to PZ (x) 4 having identical degree of

polymerization. Viscosity plots for PZ () 4 are shown in Fig. 2.5. The pH-induced changes
in the polymer backbone of 4-8 are illustrated in Schemes 2.1 and 2.4. In the presence of
one, two, three and four equivalents of NaOH (per repeating unit), PZ (£) 4 is expected to
generate polyzwitterion/anion (PZA) (= —) 5, polyzwitterion/dianion (PZDA) (= =) 6,
polyzwitterion/trianion (PZTA) (£ =) 7, polytetraanion (PTA) (= =) 8, respectively, as the
dominant species involved in mobile equilibria with other species. With the increase in
NaOH concentrations, the imbalance in favor of negative charges increases, thereby
forcing the polymer backbone to adapt more extended conformation to minimize repulsion.
This would result in the increase of viscosity values in the order: (==)8> (£=) 7 > (x =)
6 > (£ —) 5 as determined experimentally (cf. Fig. 2.5a-d). PZ (%) 4 is insoluble in salt-free
water; however, its viscosity plot in 1.0 M NaCl is shown in Fig. 2.5f. The viscosity plot
for PZ () 4 in in 0.1 M HCI is found to be concave upward, presumably as a result of

increasing dissociation to (PZA) (x —) 5 with dilution (Fig. 2.5¢).
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The increase in charge imbalance in a polymer backbone leads to an increase in excluded
volume, which has been used to rationalize the solution properties of ionic polymers
[23,115-117]. Polyzwitterion/anion (PZA) (x —) 5 and polyampholyte/anion (+ =) 16,
having identical degree of polymerization, were generated by treating () 4 and (+ —) 15,
respectively, with one equivalent NaOH. lonic polymers (£ —) 5 and (+ =) 16 having similar
imbalances in favor of negative charges were found to have intrinsic viscosity [n] of 0.131
dL g* (Fig. 2.5d) and 0.0928 dL g in 0.1 M NaCl (Fig. 2.4b). Likewise, polyphosphonic
acid derivative polyzwitterion/dianion (PZDA) (£ =) 6 was determined to have higher [n]
value of 0.168 dL g (Fig. 2.5¢) than the [n] value of 0.120 dL g* of diester derivative
polydianion (=) 17 having identical DP and charge imbalances (Fig. 2.4a). The lower [n]
values for the ester polymers 16/17 could be attributed to the greater hydrophobic character

owing to the presence of ethyl groups in the pendants.

As reported earlier [111] and found in the current work, the molar masses of the polymers
could not be obtained by GPC presumably owing to the strong interaction of the materials
in the GPC column with the amine and carboxy motifs of the polymers. The lower intrinsic
viscosity values, however, suggest lower molar masses of the polymers because of using
higher doses of initiator and a higher temperature of =100 °C. Moreover, the degradative
chain transfer involving abstraction of allylic hydrogen in the diallylamine salts also lowers

the molar masses [118].

The molecular weights of the polyzwitterion () 4 was estimated from the viscosity data
by Mark-Houwink equation ([#] = KMv®) [119], using K =1.12 x 10* dL g and a = 0.82,
which are given for poly(diallyldimethylammonium chloride) for a temperature of 25 °C

in 1 M NaCl [120]. The [#] of (+) 4 was determined to be 0.0324 dL g (Fig. 2.5f) which

47



translates into a viscosity average molecular weight My = 16,640 g mol™ corresponding to

a degree of polymerization of approximately 99 (i.e., number of structural units).
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Figure 2.4 The viscosity behavior at 30 °C of polyampholyte 15 (entry 6, Table 2.1) (a)
m in the presence of 2equiv NaOH in 0.1 M NaCl, (b) o in the presence of 1
equiv NaOH in 0.1 M NacCl, (c) ® in 0.1 M HCI, (d) o in 0.5 M NacCl, (¢) A
in 0.1 M NaCl, and (f) A in salt-free water
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Figure 2.5 The viscosity behavior at 30 °C of polyzwitterion 4 (prepared by acid
hydrolysis of 15 from entry 6, Table 2.1) (a) m in the presence of 4 equiv
NaOH in 0.1 M NaCl, (b) o in the presence of 3 equiv NaOH in 0.1M NacCl,
(c) e in the presence of 2 equiv NaOH in 0.1 M NacCl, (d) o in the presence
of 1 equiv NaOH in 0.1 M NaCl, (e) A in 0.1 M HCI, and (vi) Ain 1.0 M
NaCl

2.4.5 Basicity Constant

The apparent basicity constant (K) of several functional centers in polymer (=) 17 and (=
=) 8 is described by Eq. (3) (Scheme 2.3) where log K° = pH at o = 0.5 and n = 1 observed
for basicity constant of small molecules. The slope and intercept of the straight-line plot of
pH vs. log [(1-a)/a)] gave the values of ‘n” and log K°, respectively. In salt-free water,
basicity constant log K°, log K° and log K° were determined to be 11.3, 5.80 and 2.58,

respectively, with the corresponding nz, n2 and nsz values of 1.71, 2.38 and 0.41 (Table 2.2).
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The n values >1 or < 1 reflects the “apparent” nature of the basicity constant since the
basicity constant changes with the degree of protonation [121,122]. A measure of the
polyelectrolyte index n is shown in (Fig. 2.6) displaying variation of K with o signifying a
polyelectrolyte effect. With increasing a, a gradual decrease of log K° [involving (Z7) 17
+ H" < (ZH* %) 16] and log K° [involving (ZH* ©) 16 + H" < (ZH, ") 15] is a result of
decreasing overall negative charges that induces protonation. The n values > or < 1 confirm
the consequence of entropy effects [121,123]. PDA (=) 17 having greater charge imbalance
is more hydrated than (+ =) 16 which in turn is more hydrated than (+ —) 15. With each
protonation, water molecules are released from the hydration shell of the repeating unit that
is being protonated. With increasing o, the excess average negative charge in the polymer
backbone decreases as does the average number of water molecules in the hydration shell
of a repeating unit. Therefore, there will be release of lesser and lesser number of water
molecules from the polymer backbones with increasing o, and the associated entropy
change dictates the decrease of K with increasing a. The exothermic AH® has been reported

to be independent of a, the AG? is thus controlled by the entropy term [123].

The n3 value associated with log K° [involving (ZH2* ") 15 + H" < (ZHs") 14] was found
to be 0.41. The n value < 1 is characteristic of a compact conformation arising out of the
presence of ampholytic and zwitterionic motifs. The approach of protons towards (ZH2" ")
15 becomes easier with the increasing degree of protonation [124,40]. The protonation
constant log Kz increases progressively with increasing a (Fig. 2.6a). The macromolecular
coil expands as a result of a decrease in the density of the ampholyte motifs (cf. viscosity
curves Fig. 2.4c versus e), thereby exposing the polymer backbone for easier access to

protonation. With each protonation, the imbalance in favor of positive charges on the
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backbone increases. Increased hydration, as a result, leads to entropically favorable release

of a greater number of hydrated molecules during protonation.

For polytetraionic (= =) 8, log K%, log K°s and log K° were determined to be 10.09, 7.26
and 4.77, respectively with the corresponding n values of 1.27, 1.62 and 0.99. Note that the
pKa of an acid (HA) is the log Kj (i.e., log [basicity constant]) of its conjugate base (A").
For the pentaprotic acid (ZHs ™) 3 and triprotic acid (ZHz ™) 14, the pKis of several protic
centers are shown in Schemes 2.3 and 2.4. The values of pKy and pKs were not determined
for the reasons mentioned in the experimental, however, the pK1 of (ZHs") 3 (Schemes 2.1
and 2.4) is estimated to have a value of < 2 since methanephosphonic acid itself is known
to have pKi value of 2.12. The considerable difference is observed in the acidity of the first
carboxylic acid groups in 14 (with pK value 2.58) [involving (ZH3*) 14 = (ZH2" ") 15 +
H*] (Scheme 2.3) and 4 (with pK value of 4.77) [involving (ZHs*) 4 < (ZH3* ") 5 + H']
(Scheme 2.4). While the higher acidity of the first COzH in (ZH3 *) 14 is attributable to the
electrostatic attraction [33,121,122] associated with polyampholyte motifs (ZH2 * ) in its
conjugate base 15, the difficulty associated with the removal of a proton from (ZHs*) 4
involves the transformation of a zwitterionic motif to an energetically less favorable

zwitterion/anion (ZHz*~) 16. (Ampholytic/anion (ZH* 7).
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Table 2.2 Protonation of polymer 15 (ZH;*) at 23 °C

run  ZH;*
(mmol)

1 0.2554 (ZHz)
2 0.2812 (zH?)
3 0.3193 (ZH)

Average

Log K3®= 2.58 - 0.59 log

1 0.2554 (ZH2)
2 0.3193 (ZH)
3 0.3831(ZH)

Average

Log K, =580 + 1.38log [(1-o)/c] For the reaction: ZH -

1 0.2554 (ZH2)
2 0.3193 (ZH?)
3 0.3831(ZH)

Average

Log K; ®= 11.31 + 0.71log [(1-a)/a]

Cr?
(mol dm3)

+0.1222
+0.1222
+0.1222

[(1-)/a]

—0.09594
—0.09594
—0.09594

—0.09594
—0.09594

—0.09594

o—range pH-range Points? Log K1°¢
0.03-0.21 3.09-2.75 11 2.54
0.05-0.21 3.08-2.81 12 2.57
0.06-0.18 3.09-2.85 07 2.59
2.58 (3)
- + + K]_

For the reaction: ZH,~ + H —/—= ZH3"
0.87-0.14 3.74-7.74 17 5.82
0.88-0.10 4.01-8.10 19 5.83
0.85-0.20 4.06-7.20 17 5.74

5.80 (5)
+ H f—z_- ZH "
0.91-0.58 9.65-11.06 17 11.29
0.90-0.56 9.78-11.17 17 11.36
0.88-0.59 9.83-11.04 18 11.31
11.31 (4)
Ky s

For the reaction: Z= + H*

= ZH~™

ni

0.36

0.42

0.40
0.41 (4)

243

2.33

2.37
2.38(5)

1.71

1.68

1.73
1.71 (3)

R2, d

0.9916
0.9887
0.9934

0.9989
0.9964
0.9965

0.9911
0.9964

0.9967

aTitrations with NaOH and HCI are described by (-)ve and (+)ve values, respectively.

® Data points used.

¢ Parentheses include the standard deviations in the last digit.
4R = Correlation coefficient.
!log Ki= log Ki°® + (ni—1) log [(1 - aW)/au].
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Table 2.3 Protonation of polymer 4 (ZH*) at 23 °C

run  ZH)* Cr? o—range pH-range Points® Log K1°¢ ni ¢ R2.d

(mmol) (mol dm™)
Polymer 4
1 0.2416 (ZH4*) -0.09594 0.54-0.09 4.65-5.72 7 4.76 0.99 0.9842
2 0.2701 (ZH4*) -0.09594  0.52-0.08 4.68-5.66 9 4.80 1.03 0.9902
3 0.2982 (ZH4*) —0.09594 0.51-0.11 4.74-5.62 9 4.74 0.96 0.9965
Average 4.77 (3) 0.99 (4)

e : - o K +

Log K, °= 4.77 — 0.01log [(1-o)/a]  For the reaction: ZHz™ + H' === ZH,
1 0.2416 (ZHa*) -0.09594  0.89-0.10  6.00-8.71 9 7.27 159  0.9845
2 0.2701 (ZH4*) —0.09594 0.87-0.12 6.05-.8.65 11 7.31 1.64 0.9907
3 0.2982 (ZHs*) —0.09594 0.86-0.18 6.11-8.28 8 7.21 1.62 0.9827
Average 7.26 (3) 1.62 (3)
Log K3 = 7.26 + 0.62 log [(1-a)/a] For the reaction: ZH, *= + H* ‘K—3_- ZHF ™
1 0.2416 (ZH4*) —0.09594 0.87-0.37 9.17-10.43 10 10.15 1.22 0.9982
2 0.2701 (ZH4*) —0.09594  0.85-0.35 9.18-10.42 12 10.20 1.29 0.9894
3 0.2982 (ZH4*) —0.09594 0.81-0.30 9.19-10.45 9 9.93 131 0.9913
Average 10.09 (14) 1.27(5)

+=

_ K
Log Kzez 10.09 + 0.27 log [(1-o)/a] For the reaction: ZH*= + H ‘—2_~ ZH,

aTitrations with NaOH is described by (-)ve values.

® Data points used.

¢ Parentheses include the standard deviations in the last digit.
4R = Correlation coefficient.

®log Ki= log Ki® + (ni—1) log [(1 - o)/t
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2.4.6 Scale Inhibition Study

The inlet feed water in a Reverse Osmosis (RO) process produces product water and rejects
brine. The supersaturation of any of the dissolved salts in the reject brine stream leads to

its precipitation. The percent scaling inhibition (PSI) is calculated using Eq. (4):

2 2
[Ca™ Jinibited o —[Ca orank ®

PSI = 2+ 2+
[Ca™ ]inibited (to) —[Ca™ Jpiank 1)

x 100 4

Where [Ca?*] describes concentration at time zero and t, in the presence (inhibited) and

absence (blank) of antiscalant.

The scaling behavior of a supersaturated solution of CaSO4 containing Ca?* (2598 ppm)
and SO4>~ (6300 ppm) in the presence of synthesized polymers 4 and 15 was investigated.
These are three times the concentration of Ca?* and SO4> found in the reject brine denoted
as 1 CB (i.e., concentrated brine) from a RO plant [123]. The PSI by 4 and 15 at various
concentrations of the antiscalants is given in Table 2.4. The onset of CaSO4 precipitation
is marked by a sudden drop in the conductivity (Fig. 2.7). To our satisfaction, the presence
of a small concentration (5 ppm) of 4 registered a 99 % scale inhibition for about 120 min.
In the presence of 10, 15 and 20 ppm of the antiscalant, it registered a PSI of = 100% for
2000 min. It is indeed astonishing to observe that the antiscalant 4, at a concentration of 15
or 20 ppm, PSI remains ~100% even after 14000 min (i.e., 9.7 days). An antiscalant needs
to be effective at least for a minimum period of = 30 min which is the residence time for
the brine in the osmosis chamber. Note that PA 15 containing ester motifs was ineffective
as an antiscalant (Fig. 2.7). (Table 2.4); the precipitation of CaSO4 occurred within 10 min

as confirmed by a large drop in conductivity. The current PZ 4 has even much superior
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antiscalant efficacy than its corresponding homopolymer 9 or 10 (Scheme 2.1) [114]. As
shown in Fig. 2.7, the onset of precipitation occurs after an induction period. A sharp drop
in conductivity is attributed to an accelerated growth of CaSOa crystals. At a concentration
of 5 and 10 ppm, the induction time was observed to be 170 and 2100 min, respectively.
For a duration of 14000 min, induction time was not observed in the presence PZ 4 (15 and
20 ppm). The antiscalant inhibits the crystal growth by complex formation with metal
cations, thereby altering the crystal morphology at the time of nucleation [124,40]. The
precipitation of gypsum, i.e., CaSO4 in mineral form, is an undesirable occurrence in
several processes like sea water desalination, water distillation, industrial water recovery
and hydrometallurgical operations [125]. PZ 4 is remarkably efficient in prolonging the
induction period, and thus has the potential to mitigate the membrane fouling as a result of

scale formation.

In comparing the antiscalant activity of 4, 15, 9 or 10, note that polymer 15 with ester
motifs cannot bear negative charges on the phosphonate pendants and as such cannot
effectively interfere with the positive Ca?* during nucleation [126-128]. The repeating unit
in 4 has a greater negative charge density than its homopolymer 9 or 10. The greater
negative charges in 4 not only disturb the nucleation process by adsorption onto the
developing crystal, they also prevent the agglomeration (i.e., scale formation) by repulsion
among the distorted crystals bearing excessive negative charges. The above rationale

clearly accounts for the remarkable antiscalant activity of PZ 4.

Some polyzwitterions (PZs) synthesized via cyclopolymerization and their effectiveness
as antiscalants in terms of percent scale inhibition (PSI) under conditions like the current

work are presented in Scheme 2.5. Note that PZ 23 performed much better than its
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counterpart 24 having a monoethyl ester group, thereby confirming the necessity of the
presence of the completely hydrolyzed phosphonate motifs to be a better antiscalant [129].
Glutamic acid-based PZ 21 [130], aspartic acid-based PZ 22 [131] and PZ 25 [3] containing
phosphonate and sulfonate pendants as well as 20 [132] containing carboxyl group in both
pendants performed very well imparting similar PSls. However, the current PZ 4 with

greater negative charge density outperformed all the other PZs presented in Scheme 2.5.

n n n

®
N N CO, N CO,
/ \ - -
(HLCT (CH)s H j; H T
e e CO.H
Na
2 2 2)
For 15 ppm: For 20 ppm: For 20 ppm:
PSI: 93% at 500 min PSI: 96% at 2700 min PSI: 100% at 2700 min
n n n
® ® @
N N N
PN VRN
(H.Cls  (CHo) (H2C‘3)3 (?Hz)s (H2C‘3)3 (?H2)3
e ~P CO° (HO)P..  SO5°
o | + 0]
O o 9] Na
Z) 2) 2)
For 10 ppm: For 10 ppm: For 20 ppm:
PSI: 90% at 1000 min PSI: 44% at 30 min PSI: 100% at 2700 min

Scheme 2.5 Percent scale inhibition (PSI) of some antiscalants synthesized via
cyclopolymerization protocol.
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Figure 2.7 Conductivity of a supersaturated solution of CaSOs in the presence
(5,10,15,20 ppm) of 4 and 15 (20 ppm) and in the absence (blank) of
antiscalant.

Table 2.4 Percent scale inhibition in the presence of PZ 4 and PA 15 in 3 CB
supersaturated CaSO4 solution at 40 °C.

Entry Sample Percent inhibition at times (min) of Induction
(Ppm) 30 60 120 1000 2000 14000  time (min)

Polymer 4

1 5 100 100 99 - - 170

2 10 100 100 100 100 100 - 2100

3 15 100 100 100 100 100 100 -

4 20 100 100 100 100 100 100 -

Polymer 15

5 20 19 5 - - - - 10

2 No induction time was observed.
b Three times the concentration of Ca2* and SO4% found in the concentrated brine
of an RO plant.
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2.5 Conclusion

Maleic acid has been copolymerized with diallylammionium monomers 1 and 12 using
Butler’s cyclopolymerization protocol to give alternate copolymers PZ 4 and CPE 14
having three-carbon spacer separating the phosphonate and amine motifs. Likewise, ion-
pair generated by treating N,N-Diallyl-3-(diethylphosphonato)propylamine 11 with maleic
acid underwent copolymerization to give alternate PA 15. To correlate the solution
properties of 4 and 15, diester groups in 15 were hydrolysed by 6 M HCI to generate 4. The
pH-induced changes of backbone charges in pH-responsive tetraprotic 4 and diprotic 15
having identical degree of polymerization were investigated in detail by viscometric
technique. Several protonation constants (or pKa) of the CO2" (or CO2H) and trivalent

nitrogen (or protonated NH™) in 4 and 15 have been determined by potentiometric titrations.

Evaluation of the antiscalant properties using supersaturated solution of CaSO4 revealed
that PZ 4 is remarkably effective in inhibiting the formation of calcium sulfate scale for
days at 40 °C. The superiority of phosphonic acid motifs in 4 over the phosphonate ester
motifs in 15 in scale inhibition is demonstrated as the latter is found to impart no scale

inhibition.
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3.1 Abstract

Alternate copolymerization of diallylamine derivatives [(CH2=CH-CH2).NR; R= Me,
(CH2)3PO(OEt)2, and CH2PO(OEL).] (1)-maleic acid (MA) and (I.HCI)-SO. pairs have
been carried out thermally using ammonium persulfate initiator as well as UV radiation at
A of 365 nm. The reactivity ratios of ~ 0 for the monomers in each pair I-MA and 1.HCI-
SO2 ensured their alternation in each copolymer. However, numerous attempted
terpolymerization of I-MA-SO: failed to entice MA to participate to any meaningful extent.
In contrast to reported literature, only 1-2 mol% of MA was incorporated into the polymer
chain mainly consisting of poly(l-alt-SO). Quaternary diallyldialkylammonium chloride
[(CH2=CH-CH2):N*R2 CI; R= Me, Et] (Il) also, did not participate in 11-MA-SO;
terpolymerizations. Poly(l, R=Me)-alt-SO>) 111 is a stimuli-responsive polyampholyte; its
transformation under pH-induced changes to cationic, polyampholyte-anionic, and
dianionic polyelectrolytes has been examined by viscosity measurements. The pK, of two
carboxylic acid groups and NH* in 111 has been determined to be 2.62, 5.59, and 10.1. PA
111, evaluated as a potential antiscalant in reverse osmosis plants, at the concentrations of
5 and 20 ppm, imparted =~ 100% efficiency for CaSOas scale inhibition from its
supersaturated solution for over 50 and 500 min, respectively, at 40 °C. The synthesis of
PA 11l in excellent yields from cheap starting materials and its very impressive
performance may accord PA 111 a prestigious place as an environment-friendly phosphate-

free antiscalant.

Keywords: pH-responsive polymers; diallylamine salts; alternate cyclopolymerization;

polyampholyte; maleic acid; antiscalant.
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3.2 Introduction

Butler’s cyclopolymerization protocol [1] has etched a place of distinction in the synthesis
of polymers of tremendous technological importance [2,96,133]. Free radical-initiated
polymerization of diallylammonium salts A led to B having pyrrolidine rings embedded
into the macromolecules (Scheme 3.1). The macromolecule B represents the eighth most
important architecture among synthetic high polymers [8,9].
Poly(diallyldimethylammonium chloride) B (R*=R?=Me), alone accounting for over 1000
patents and publications, has been produced to the tune of millions of pounds for a variety
of industrial applications including water treatment [1]. Sulfur dioxide has been extensively
used to synthesize alternate cyclocopolymers C having numerous applications [134,135].
The reactivity ratios of amine (salt) (ra) and rso2 being zero led to the alternation in C.
Likewise, the almost zero reactivity ratios of ra and maleic acid (MA) (rma) led to the
exclusive formation of alternate copolymer D from alkyldiallylamine/MA ion pair A
[35,136]. Interestingly, diallyldimethylammonium chloride (A) — MA — SOz is reported in
several patents [137-139] to give terpolymers in respective ratios of 50:25:25 [137] and
70:25:5 [139]. However, the patents do not describe any micro-structural analysis. To our
knowledge, no journal article has appeared to date to describe such terpolymerization

involving A — maleic acid — SOz to give E (Scheme 3.1).

Amino-carboxylate and -phosphonate are important antiscalant and metal chelation motifs;
as such, the decoration of repeating units with a high density of these potent functional
groups is expected to impart, for instance, an antiscalant behavior. Looking at the zero
reactivity ratios for both the monomer pairs: ra = rso2~ 0 and ra = rma = 0 (Scheme 3.1),

we do fancy the success of the terpolymerization to pave the way to a great many interesting
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tripolymers E. Herein, we report a systematic study involving the cyclopolymerization of
A, A-SO2, A-MA, and A-MA-SO- to investigate the course of action of an amine terminal

radical —Ae, whether it adds exclusively or preferentially onto SO, or MA or both.

9_
(ﬁ Tlnitiator X =
er O\
CH) 2 )COzH 5 n
0,C CO,H
© © L J @ ’ ’
NZ , Cl Initiator Initiator 1 N2
R R X =ClI R H
D]
@_
rsoz = 0 o) [\ va = 0.01
2 2| °0,C  CO,H
?

Scheme 3.1 Synthesis of homocyclopolymer and alternate copolymers from monomeric
pairs: A/maleic acid and A/SO..
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3.3 Experimental

3.3.1 Materials

Paraformaldehyde was purchased from Fluka Chemie AG. Diallylamine from Merck
Schuchardt OHG, ammonium persulfate (APS), azobisisobutyronitrile (AIBN) and maleic
acid from Sigma-Aldrich were used as received. Diallyldimethylammonium chloride (15a)
from Sigma-Aldrich, obtained as 65 wt% solution, was freeze-dried and crystallized from
methanol/acetone. Phopsphonate ester 1a [94], 1b [6], and 5 [102] were prepared as
described. For dialysis, Spectra/Por membrane (MWCO: 6000-8000) from Spectrum

Laboratories Inc. was utilized.

3.3.2 Physical Methods

Elemental analysis was carried out in a Perkin EImer Elemental Analyzer Series 11 Model
2400 (Waltham, Massachusetts, USA). IR spectra were recorded on a Thermo scientific
FTIR spectrometer (Nicolet 6700, Thermo Electron Corporation, Madison, WI, USA). *H
and *C NMR spectra of the polymers were measured in D20 on a JEOL LA 500 MHz
spectrometer. The residual HOD signal of D20 at § 4.65 ppm and dioxane 3C resonance
at & 67.4 were used as internal and external references, respectively. Viscosities were
measured using an Ubbelohde viscometer (Viscometer Constant = 0.005718 cSt/s). An
SDT analyzer (Q600: TA instruments, USA) was utilized for thermogravimetric analysis
(TGA) under N flowing at a rate of 50 cm®/min. For photoinitiated polymerization, the
samples were irradiated at 365 nm using UV Lamp 365 nm/254 nm SPECTROLINE

(Model: ENF-240C) from Spectronic Corp., Westbury, NY, USA, with LONGLIFE Filter
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to ensure highest UV intensity and Fluorescence Analysis Cabinet SPECTROLINE CM-

10A.

3.3.3 Synthesis of Methyldiallylamine (7) and its Hydrochloride Salt 8

The procedure for the methylation of amines is adapted from the literature [140]. Formic
acid (35 g, 85%, 0.646 mol) was added slowly (30 min) onto an ice-cold diallylamine (1)
(49 g, 0.506 mol) in a 1 L RB flask under stirring. Paraformaldehyde (18.3 g, 0.613 mol)
and water (33 mL) were added to the flask. The mixture in the flask, fitted with a long
condenser, was stirred at 75 - 77 °C during which CO; evolution happened (30 min).
Thereafter, the reaction mixture was heated to 90 °C; after the gas evolution stopped (15
min), the reaction mixture was cooled and saturated with the addition of a solution of NaOH
(30 g, 0.75 mol) in water (30 mL). The separated organic layer of amine 7 was dried over
NaOH and distilled at 107 °C (Lit. [141] b.p.109 °C) to obtain 7 as a colorless liquid (49

g, 87%).

A dry HCI gas was passed to a solution of methyldiallylamine (7) (25 g, 0.225 mol) in ether
(150 mL) at 0° C. Immediate precipitation of white salt 8 occurred. The passage of HCI
was continued until the supernatant liquid becomes clear instead of cloudy. After filtration,
the white salt was dried under vacuum to obtain 8 (30 g, 90%). 61 (D20) 2.70 (3H, s), 3.65
(4H, d, J 7.3 Hz), 5.50 (4H, m), 5.82 (2H, m); 8¢ (D20) 39.57 (1C, Me), 58.30 (2C, NCHy),
126.60 (2C, =CH), 127.33 (2C, =CH,). The 1*C spectral assignments was supported by

DEPT 135 NMR analysis.
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3.4 Polymer Synthesis

3.4.1 Procedure for 1 or 5/2/SO> Terpolymerization

Table 3.1 describes the polymerizations conditions (Scheme 3.2). For experiment under
entry 1, SO> (705 mg, 11 mmol) was absorbed in a solution of monomer 1a (1.38 g, 5.0
mmol) and MA 2 (0.70 g, 6.0 mmol) in DMSO (2.6 g) in an RB flask (10 mL). After
purging the mixture with Ny, initiator APS (0.260 g) was added to the stirring mixture in
the closed flask at 21 °C for 24 h. The polymer mixture was dialyzed against 0.2 M HCI
for 24 h with frequent change of 0.2 M HCI. Finally, the polymer solution was dialyzed
against distilled water for 6 h. The dialyzed solution was acidified with concentrated HCI
(1.0 mL) and freeze-dried to obtain 4a. Note that the acidification was intended to keep the
nitrogens and carboxyls protonated. The FTIR and NMR spectra of the polymers resembled
with the spectra of 1asHCI/SO, and 1b*HC1/SO2 copolymers 4a [94] and 4b [6] (y = 0),

respectively.

For the polymerization involving monomer 5 [102], the crude reaction mixture was
dialyzed against 2 M HCI followed by deionized water. Polymer 6, precipitated out during
dialysis, was dried under vacuum. The spectral analysis revealed the identical nature of the

material 6 (y = 0) described elsewhere [142].
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69



Table 3.1 Attempted cycloterpolymerization® of monomers 1a, 1b and 5 with maleic acid

2 and SO..
Entry Aminel MA2 SOz Initiator® Temp Yield” [n]°

(mmol)  (mmol) mmol (mg) (°C) (dLg?
1 la: 5 6 11 APS (260) 21  4a:39(67)  0.0721
2 la: 5 6 11 APS (70) 45 4a: 34 (68) 0.0562
3 la: 5 6 11 APS (260) 45  4a: 48 (86) 0.0571
4 la: 5 10 16 APS (260) 45 4a: 62 (90) 0.0462
5 la: 5 6 11 APS (96) 65  4a:11(72)  0.0401
6 la: 5 6 11 APS (210) 65  4a:53(60)  0.0454
7 la: 5 6 11 APS (250) 65  4a:48(81)  0.0228
8 la:5 6 11 AIBN (46) 65 4a: Trace (28) -
9 la: 5 6 11 AIBN (100) 65  4a:27(60)  0.0211
10 1b: 5 6 11 APS (140) 65  4b:49(72)  0.0355
11 5:5 6 11 APS (200) 65  6:61(67) 0.532¢
12 5:5 6 11 AIBN (50) 65  6:67 (71) 0.519°
13 — 6 5 APS (140) 45 No Polymer -
14 —~ 6 5 TBHP (100) Temp?  No Polymer -

&Copolymerization reactions were carried out in DMSO (2.6 g) in the presence of ammonium
persulfate (APS) or azoisobutyronitrile (AIBN) or tert-butylhydroperoxide for 48 h;

b Polymer obtained is written in bold followed by isolated yields; the percent conversion
determined by *H NMR analyses of the crude reaction mixture are written in parentheses;

¢ Viscosity of 1-0.25 % polymer solution in 0.1 M NaCl at 30 ° C was measured with
Ubbelohde Viscometer (K = 0.005317 mm? s2);
d at-10 °C for 2 days, then at 0 and 25 °C for 2 days each.
¢in 0.1 N NaCl.

70



3.4.2 Free Radical Polymerization of Monomer 8

A solution of salt 8 (8.86 g, 60 mmol) in water (3.5 g) and concentrated HCI (36 wt%) (0.5
g) in an RB flask (50 mL) fitted with a condenser was degassed with N2 and then heated to
100 °C. APS was added in three portions (3x250 mg) with intervals of 3 min (Scheme 3.3).
The temperature of the exothermic polymerization rose to 110 °C. The reaction mixture
was continued to stir at the oil bath temperature of 100 °C for an additional 30 min. The
product mixture was then dialyzed against distilled water and freeze-dried to obtain
polymer 9 (7.7 g, 87%) as a white powder. (Found: C 56.7; H 9.58; N 9.4%. C7H14CIN
requires C 56.94; H 9.56; N 9.49%); vmax (KBr): 3500 (broad), 2946, 2724, 1649 (H20
bending), 1461, 1107, 1053, 973, 909, 628, and 483 cm ™. [n] 0.0805 dL g* at 30 °C in

0.1 M NacCl.
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3.4.3 Photo-Chemical Initiated Polymerization of Monomer 8

A sample of monomer 8 (200 mg, 1.4 mmol) in a vial was exposed to UV radiation at room
temperature for 4 days. No polymerization occurred as indicated by *H NMR spectrum.
Likewise, a solution of monomer 8 (295 mg, 2.0 mmol) in water (120 mg) was exposed to
UV radiation at room temperature for 4 days giving 9 only in 5 % vyield as revealed by *H

NMR spectrum. The yield was improved to 7.6% after further irradiation for 2 days.

3.4.4 Copolymerization of 8 with SO

To a solution of monomer 8 (5.02 g, 34 mmol) in DMSO (8.4 g) was absorbed SO (2.18
g, 34 mmol). After adding initiator AIBN (200 mg), the reaction mixture was heated at 65
°C inside a closed vessel for 24 h. The resultant polymer mixture was dialyzed against
distilled water. The dialyzed solution was treated with 2.0 g concentrated HCI (37%, 20
mmol) and then freeze-dried to obtain a white powder of copolymer 10 (6.7 g, 93%). [n]
0.276 dL gtat 30 °C in 0.1 M NaCl. (Found: C 39.4; H 6.8; N 6.5%. C7H14CINO2S requires
C 39.71; H, 6.67; N 6.62%); Vmax (KBr): 3452 (broad), 2955, 2719, 1636 (H20 bending),

1466, 1413, 1304, 1128, 1036, 963, 856, 773, and 517 cm™ L.

3.4.5 Methyldiallylamine (7) and Maleic Acid (2) lon Pair 12
Maleic acid 2 (1.16 g, 10.0 mmol) was added to a biphasic mixture of amine 7 (1.11 g, 10.0
mmol) in water (8 mL) and stirred at 25 °C for 30 min. Exothermic neutralization led to a
homogeneous solution which was freeze-dried to obtain ion pair 12 as a colorless liquid in
quantitative yield. vmax (neat): 3496 (strong), 3375 (strong and broad), 3031, 2962, 2656
(R3NH™), 2516 (RsNH™), 2356 (RsNH™), 1704, 1623, 1581, 1477, 1363, 1202, 1082, 988,

869, 710, 653, and 568 cm .54 (D20) 2.55 (3H, s), 3.43 (2H, ABX, J 7.5, 13.4 Hz), 3.57
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(2H, ABX, J 7.0, 13.4 Hz), 5.35 (4H, m), 5.67 (2H, m), 6.08 (2H, s): 5¢ (D20) 39.37 (1C,
Me), 58.07 (2C, NCH), 126.37 (2C, =CH), 127.19 (2C, =CH), 135.09 (CH=CH), 171.14

(C=0). The 13C spectral assignments were supported by DEPT 135 NMR.

3.4.6 Copolymerization of 7 and MA 2

Amine 7 (2.22 g, 20.0 mmol) and MA 2 (2.54 g, 22.0 mmol) mixture in water (2.04 g) in
an RB flask fitted with a condenser was stirred at 100 °C under a positive atmosphere of
N2. Initiator APS was added (2x200 mg) over 4 min. The exothermic polymerization
started, and the mixture was stirred at 100 °C (10 min), cooled, dialyzed against deionized
water, and freeze-dried to obtain a white powder of alternate polyampholyte (PA) 13 (3.68
g, 81%). The crude mixture revealed the monomer conversion of 86% as indicated by ‘H
NMR spectrum. (Found: C 57.8; H 7.7; N 6.0 %. C11H17NOx4 requires C 58.14; H 7.54; N
6.16%). Vmax (KBr): 3455 (broad), 2949, 2729, 2357, 1714, 1635, 1574, 1464, 1391, 1207,

1053, 810, 661 and 566 cm ™.

3.4.7 Procedure for 7 or 8/2/SO Terpolymerization

Table 3.2 describes the polymerizations conditions. The polymerizations were carried out
as described under section 3.4.1. After completion of the polymerization, the crude mixture
was dialyzed against 0.2 M HCI with frequent change of the 0.2 M HCI for a duration of
24 h, and finally, dialyzed against distilled water for 6 h. The resulting solution was
acidified with concentrated HCI (1.0 mL) and freeze-dried to obtain polymer 14. Note that
the acidification was carried out to keep the nitrogens and carboxyls protonated. The FTIR
and NMR spectra of the polymer 14 resembled with the spectra of 7sHCI/SO. copolymer

10, thereby implying the value of y = 0.
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Table 3.2 Attempted cycloterpolymerization of monomer 7 or 8 with SO, and maleic acid 2.

Entry 7or8 MA 2 SO, DMSO Initiator  Temp Time  Yield® [n]°
(mmol) (mmol) (mmol)  (g) ) (dL g?)
1° 7: (5) 6 11 2.3 APS: 85 45 72 14:21(63) 0.141
2° 7:(5) 6 11 2.3 APS: 150 45 72 14:31(57) 0.125
3 7:(5) 11 16 2.3 APS: 85 45 72 14:23(63) 0.121
4 7:(5) 11 16 2.3 APS 175 45 48  14:47(60) 0.182
5 7:(5) 11 16 2.3 APS 260 65 24 14:32(83) 0.129
6 7:(5) 22 31 2.8 APS 260 65 24 14:62(85) 0.172
7° 7:(5) 6 11 2.3 AIBN 75 65 36  14:0(10) -
8¢ 8: (1) 10 25 4.6 APS:360 45 48  14:51 (67) -
9¢ 8: (5) 5 5 0 Dark 23 24 14:0 (0) -
10¢ 7:(5) 5 6 0 uv 23 168 14:26 (43) 0.278
11¢ 8: (5) ) 10 0 uv 23 24 14:45(62) 0.329
12¢ 8: (5) 5 10 0 uv -15 4 14:43(67) 0.273
13¢ 8: (5) 5 10 1.0 uv 23 24 14:43(83) 0.471
14 8: (5) ) 10 MeOH:1.0 uv -10 6 14:15(35) 0.192
15 8: (5) 0 4.5 0 uv 23 24 10:54 (72) 0.836
16 8: (5) 0 0 H,0:0.3 uv 23 144 9. (7.6) -

2 Isolated yields is followed by the percent conversion written in parentheses as determined by
'H NMR analyses of the crude reaction mixture; ® Viscosity of 1-0.25 % polymer solution in 0.1
M NacCl at 30 °C was measured with Ubbelohde Viscometer (K = 0.005317 mm? s2); ¢ Cloudy
reaction mixture after 4 h; ¢ MA remained partially soluble; ¢ solidified.
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3.4.8 Procedure for 15/2/SO; co- and Terpolymerization

Table 3.3 describes the polymerizations conditions (Scheme 3.4). The polymerizations of
monomers 15 were carried out as described under section 2.4.1. After the elapsed time, the
reaction mixture (involving MA) was dialyzed against 0.5 M HCI for 24 h with frequent
change of the 0.5 M HCI to remove excess MA, followed by dialysis against distilled water
for 6 h. The resulting solution was acidified with concentrated HCI (1.0 mL) and freeze-
dried to obtain polymers 16 and 18. (Acidification was carried out to keep the carboxyl
groups protonated). In the case where MA was not involved, the polymer 17 was simply
purified by dialysis against distilled water. The FTIR and NMR spectra of the polymer 18

resembled with the copolymer 17, thereby implying the value of y = 0.

i) maleic acid (2) o n
APS . 0,C CO,H
ii) + HCI, dialysis™ N
R™ R
0
51
\L J/ - WO :
> @
N cre | AIBN N e
@)
i) maleic acid (2) g1 [ 1
SOy, Initiator Xt Ty
g o) L J HO,C  CO,H
ii) + HCI, dialysis N cre R e

a, R=Me b, R=Et

Scheme 3.4 Synthesis of alternate copolymers from 15/MA and 15/SO:2 and terpolymers
from 15/MA/SO:..
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Table 3.3 Attempted cycloterpolymerization of monomers 15 with SOz and maleic acid 2.

Entry 15 MA 2 SO, DMSO Initiator Temp Time Yield P

(mmol) (mmol)  (mmol) (9) (mg) (°C)  (h) ) (dL g™
1 15a:5 6 - H,O (1.0) APS:250 100 0.25 16a:27°  0.102
2° 15a:5 - 6 0 uv 23 48 17a:80 1.86
3 15a:5 6 11 3.0 APS:215 55 24 18a:87 0.317
4 15a:5 6 6de 0 uv 23 48 18a:71 1.67
5 15b:5 - 6 2.6 APS:250 55 2 17b:96 0.552
6 15b:5 - 6 2.6 AIBN:29 55 72 17b:87 0.253
7 15b:5 6 10 2.8 APS:125 55 48 18b:88 0.401

2Viscosity of 1-0.0625 % polymer solution in 0.1 N NaCl at 30 °C was measured with Ubbelohde
Viscometer (K = 0.005317 mm? s2); ®98% conversion as revealed by *H NMR of crude mixture;
¢ white solid mixture in the beginning and no phase change throughout; ¢ Not been able to add
more SOo; ®slightly turbid in the beginning but hardened towards the end.

3.5 Determination of Basicity Constant by Titration

The basicity constant (K) of the three basic centers in PA 13 were determined using
reported procedures [5,104,136]. The basic centers in PA 13 (ZH." ") (0.31-0.53 mmol
repeating unit) in water (200 cm?) were titrated by stepwise addition of 0.05-0.15 mL of =
0.1 M NaOH or HCI (Table 3.4). Log Kis were calculated using the Henderson—

Hasselbalch equation (Eq. 2; Scheme 3.5).
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n n
©0,C  CO0,° HO,C  CO,H
@
N

N~
Me™ Me~ ~H
21: Dianionic ( Z7) 19 Cationic (ZH3")
HO ™ || H" (Ky) HO || H' (Ky)
(K2)
n + n
°0,C  CO,° H °0,C  COH
@ @
N OH - N
Me~ ~H Me~ ~H
20: Ampholytic//Anionic (ZH " 7) 13: Ampholytic (ZH," ™)
T K _ K K
27 +H == zH"" lzn* =+ == zH, " || zH,"" + H*==zH,'
21 20 20 13 13 19

logKj = pH - log [(1 - a)/a] @
pH = log K;° + n;log [(1 - o)/ar] (2)

logK;i = logK;° + (nj-1) log [(1 - a)/ar] (3)

Scheme 3.5 pH induced changes in the charge types in the backbone of 13, 19-21.
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Table 3.4 Protonation of polymer 13 (ZH2*) at 23 °C.

run  ZH;* Cr@ o-range pH-range Points®  Log K°°¢
(mmol) (mol dm®)

1 0.3080 (ZHzY) +0.1222 0.13-0.58 3.05-2.57 22 2.65

2 0.4400 (ZH2%) +0.1222 0.064-0.65 3.15-2.51 25 2.63

3 0.5280 (ZHzY) +0.1222 0.087-0.65 3.13-2.47 26 2.59
Average 2.62 (3)
Log K3®= 2.62 - 0.52log [(1-a)/a] For the reaction: ZH, S f—3_~ ZH3*

1 0.3080 (ZHx%) —-0.09594  0.82-0.13 4.08-7.22 13 5.63

2 0.4400 (ZH2%) —-0.09594  0.82-0.13 4.01-7.45 18 5.55

3 0.5280 (ZHx%) —-0.09594  0.87-0.13 3.87-7.45 22 5.58
Average 5.59 (4)
Log K, =559 + 1.191log [(1-o)/a] For the reaction: ZH SR f_z__ ZH 21

1 0.3080 (ZHx%) —-0.09594  0.89-0.27 9.10-10.65 11 10.09

2 0.4400 (ZH2%) -0.09594  0.87-0.36  9.07-10.33 12 10.08

3 0.5280 (ZHx%) —-0.09594  0.90-0.27 9.05-10.63 08 10.19
Average 10.12 (6)

1

_ K _
Log K; = 10.12 + 0.15log [(1-a)/a] For the reaction: Z= + HY —== zH*

n1°

0.47
0.45
0.52

0.48 (4)

2.16
2.21
2.20

2.19 (3)

1.13
1.14
1.18

1.15 (3)

RZ, d

0.9927
0.9895
0.9939

0.9907
0.9978
0.9971

0.9883
0.9924
0.9945

aTitrations with NaOH and HCI are described by (-)ve and (+)ve values, respectively.
b Data points used.

¢ Parentheses include the standard deviations in the last digit.

4R = Correlation coefficient.

¢log Ki= log K °® + (ni— 1) log [(1 - a0)/cx].

3.6 Use of Synthesized PA 13 as an Antiscalant

The inhibition of CaSO4 scale formation from its supersaturated solution was examined in

the presence of various concentrations of PA 13 in an aqueous solution containing Ca?*

(2600 mg L) and SO4> (6300 mg L) at 40 + 1 °C as described [5]. The conductivity

decreased suddenly after an induction time, owing to the formation of scale as confirmed

by visual inspections.
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3.7 Results and Discussion

3.7.1 Polymer Synthesis

The results of APS-initiated terpolymerization of monomers l1a or 1b or 5 with SO, and
MA 2 are given in Table 3.1 (Scheme 3.2). The attempted copolymerization of MA-SO>
was unsuccessful (entries 13 and 14). Terpolymerization of 1a-MA-SO; was conducted
under various conditions using APS or AIBN initiator. The polymer 4a was isolated after
extensive dialysis against aqueous HCI to remove unreacted MA and replace the maleate
anion with CI" ions. The spectral (NMR and IR) analysis revealed that terpolymer 4a
resembled the 1a-SO, copolymer 4a (y = 0) [5], except a minor **C C=0 peak at ~ 5180
ppm (vide supra) and a minor vibration at =~ 1728 cm™ attributed to C=0 of CO2H in the
IR spectrum. The absence of alkene carbons at 6135 ppm excluded the presence of MA
either as a free acid or the maleate ions; however, the presence of minor C=0 signals
suggests the incorporation of maleic acid into the polymer backbone. The MA does
undergo propagation, but the addition is reversible as indicated by the presence of fumaric
acid (FA) (trans-HO2CC=CHCO-H) in the unreacted reaction mixture, in addition to its
original cis-counterpart MA in a =1:4 ratio. The radical having MA terminal: R-

CH(CO2H)-CH(CO2H)+ may undergo quick reversion to give R« and MA as well as FA.

Likewise, 1b-MA-SO; (entry 10) and 5-MA-SO. (Table 3.1, entries 11, 12)
terpolymerizations afforded 4b and 6, respectively (Scheme 3.2), whose spectra are
identical to those of 4b (y = 0) [6] and 6 (y = 0) [142], except that a very minor peak due

to C=0 in the *C NMR and IR spectra indicate the very minor incorporation of MA.
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Monomer 8 was homo- and co-polymerized with SO» to obtain cationic polyelectrolytes 9
and 10 in excellent yields of 87 and 93%, respectively (see Experimental) (Scheme 3.3).
Homopolymerization of 8 in an aqueous solution under UV light (A=365 nm) was very
slow; after 6 days, it gave CPE 9 in a very low yield of 7.6% (entry 16, Table 3.2). The
bulk photocopolymerization 8-SO; (entry 15, Table 3.2) in the absence of solvent gave
CPE 10 having much higher intrinsic viscosity [n] of 0.836 dL g™ than that of the thermally

initiated copolymer with a [n] of 0.276 dL g (Experimental Section 3.4.4).

Terpolymerization of 7 or 8-MA-SO; was extensively studied using free radical initiators
APS, AIBN or UV radiation at A 365 nm (Scheme 3.3). The results are included in (Table
3.2). Note that the isolated yields after dialysis are low as compared to the NMR conversion
since the low molecular weight polymer fractions leave the dialysis bag. The *H and **C
NMR spectra of the samples from entries 1-14 dealing with the 7 or 8-MA-SO;
terpolymerizations afforded 14, which is almost identical to the 8-SO2 copolymer 10 except
the IR has very minor C=0O vibrational peak at = 1728 cm™ indicating the presence of MA
repeating units in 14. A series of IR spectra of copolymer 10 containing 0-5 mol% succinic
acid (CH2)2(CO2H)2 helped us to estimate the proportion of MA unit in 14 as = 1-3 mol%.
The strong non-overlapping IR vibrations of SOz unit in 10 at 1304 and 1128 cm™ and the

C=0 vibration of CO-H at ~ 1728 cm™ were used to estimate the MA mol%.

Next, we focussed our attention to the polymerization of quaternary ammonium salts 15 as
outlined in Scheme 3.4; the polymerization conditions and the results are included in Table
3.3. The 15a-MA copolymerization afforded 16a in 27% isolated yields, while the crude
mixture before dialysis indicated 98% conversion as calculated from *H NMR spectrum
(entry 1). The spectral data matched with that reported for the polymer [143]. Bulk
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copolymerization of 15a-SO> under UV light [144] afforded copolymer 17a in excellent
yield (entry 2). The very high [n] value of 1.86 dL g indicated the high molar mass of the
polymer. The thermal 15b [141]-SO. copolymerization afforded copolymer 17b also in
excellent yields (entries 5 and 6). The IR and NMR spectra of 17a,b matched with the
reported data [145,146]. The terpolymerizations: 15a-MA-SO; (entries 3 and 4) and 15b-
MA-SO; (entry 7) gave polymers 18a and 18b, respectively; their NMR and IR spectra
matched with those of the respective copolymers 17a and 17b except the minor C=0

vibration at = 1728 cm indicating the incorporation of =1-3 mol% MA.

All the reactivity ratios in the pairs: amine salt-MA and amine salt-SO; are almost zero
(vide supra) thereby implying that under the reaction conditions, amine salt or MA or SO
cannot undergo homopolymerization, instead they must give alternate copolymers as
experimentally observed. MA-SO> reaction has been shown to give neither homo- nor co-
polymer (entries 13 and 14, Table 3.1). In the numerous amine salt-MA-SO;
terpolymerizations, the extent of MA incorporation is only 1-2 mol%. In every instance,
amine salt-SO> copolymer was obtained and no trace of amine salt-MA copolymer could
be identified. The claim in the patented literatures [137-139] that the formation of
terpolymer: diallyldimethylammonium chloride-maleic acid-SO. having repeating unit
composition of 50:25:25 and 70:25:5 are doubtful. A composition ratio of 50:25:25 may
indeed be a result of a mixture of two alternate copolymers of diallyldimethylammonium
chloride-maleic acid and diallyldimethylammonium chloride-SO,. The current work

confirms that the amine salt-MA-SO- cannot be terpolymerized to any meaningful extent.

82



3.7.2 Solubility Behavior

Cationic polymers 4 a, b (y=0), 9, 10 and 14 (y = 0) are water-soluble, while the PZ 6 (y
~ 0) is insoluble in water but soluble in 0.8 M HCI [142]. The water-solubility of 13, unlike
most electroneutral polymers [21,20,147], could be attributed to the less effective
participation of the crowded CO> to undergo electrostatic associations with NH* for
manifestation of ampholytic interactions [2]. Moreover, the hydrophilicity and solubility
of the ampholytic motifs increase as a result of the increased dipole moment (w) because

of the large separation between NH* and CO," [148,149].

3.7.3 TGA Curves and Spectroscopic Characterization

TGA plot for PA 13 revealed the weight losses at various temperature ranges (Figure 3.1).
The presence of adjacent CO2H groups would lead to the formation of anhydride motifs
with the loss of water as reflected by a 14% weight loss up to 200 °C. Maleic anhydride is
itself released from the polymer backbone thereby accounting for the loss of = 35% in 200-
400 °C range [29,35]. A 35% loss in the 400-800 °C range is attributed to the removal of

the amine units.
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Figure 3.1 TGA curves of 13.

The strong IR bands at 1304 and 1128 cm™ were assigned to the vibrations of SO, unit in
10. The absorption band at = 1714 and 1574 cm™ is attributed to the C=0 stretch of CO;H

and CO2’, respectively, in (+ —) 13 [33].

The NMR spectra of several polymers are displayed in Figures 3.2 and 3.3. For the
monomer pair 12, alkene protons of the diallyl amine part and maleate motif appeared at
85.5-6 ppm and 6.08 ppm, respectively (Figure 3.2a), while the corresponding carbons are
displayed at 6126.4 (=CH), 127.2 (2C, =CHy>), and 135.1 (CH=CH) (Figure 3.3a). The low
molar masses (as suggested by low viscosity values) and the absence of spectral signal for
residual alkene protons or carbons of the polymers 9, 10 and 13 are indicative of
degradative chain transfer [107] involving allylic hydrogens or a termination reaction by
coupling [150]. The compact coil [35] conformation of MA-copolymer (+ —) 13 is reflected

in the broadened *H as well as *C NMR spectra (Figure 3.2d, 3.3d), whereas the spectral
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signals are found to be sharp for homopolymer 9 or SO2-copolymer 10 (Scheme 3.3)
(Figure 3.2b or 3.2c). The incorporation of MA in (+ —) 13 is confirmed by the presence of
a broad signal around 6180 ppm (Figure 3.3d). Elemental analysis and the spectral data
confirmed the formation of the alternate copolymer because both the reactivity ratios ramine
and rma, are expected to be close to zero [35,136]. Integration of the relevant carbon signals

[18,151] revealed a 3:1 cis/trans ratio of the ring substituents at Cpp (Scheme 3.3).
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3.7.4 Viscosity Behaviors

The viscosities of PA (+ —) 13 are presented in Figure 3.4. The increase in viscosity with
the increasing salt concentrations demonstrates the antipolyelectrolytic [113] nature of the
polyampholyte (cf. Figure 3.4a-d). The ampholytic dipole is not perfectly electroneutral,
rather has a residual negative charge on CO2™ since Na* cannot effectively neutralize it as
compared to the greater shielding of N*by CI" [112,118,152]. The magnitude of the excess

negative charge, hence the viscosity, increases with salt concentrations.

PA (+—) 13 becomes a cationic polyelectrolyte 19 by protonation of CO2 and as such its
viscosity becomes higher in 0.1 M HCI because of repulsion among positive charges
(Figure 3.4e) (Scheme 3.5). The neutralization of 13 with one or two equivalents of NaOH
leads to polyampholyte/anion (+ =) 20 and polydianion (=) 21, the greater charge

imbalance in the latter makes it more viscous (Figure 3.4f and g).

Strong interactions [35] of materials of GPC columns with functional groups like amine
and CO» prevented the determination of molar masses of the polymers like 13. The use of
higher initiator dose along with degradative chain transfer termination process [107] led to

PA 13, having low molar mass as indicated by its lower [n] value.
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Figure 3.4 The viscosity behavior at 30 °C of polyampholyte 13 (a) A in salt-free water,
(b) A in0.1 M NaCl, (c) ©in0.5M NaCl, (d) ein 1.0 M NaCl, (e) ¢ in 0.1
M HCI, and (f) o in the presence of 1 equiv NaOH in 0.1 M NaCl, and (g) =
in the presence of 2 equivs NaOH in 0.1 M NaCl.

3.7.5 Basicity Constant

As outlined in Scheme 3.5, the protonation constant K of three basic centers in (=) 21 are
calculated using Equation 3 where log K°= pH at o (degree of protonation) = 0.5. The
variation from the true basicity constant depends on the value of n, which equals 1 for small
molecules. The values of ‘n” and log K° were extracted from the slope and intercept of the
pH vs. log [(1-a)/a)] straight-line plot. The respective log K°, log K°% and log K% were
determined to be 10.1, 5.59 and 2.62, with the corresponding n1, nz and n3 values of 1.15,
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2.19 and 0.48 (Table 3.4).

All the nvalues, especially nz and ns, are reflective of the “apparent” [119,153] nature of
the Kis which changes with the o as shown in Figure 3.5. The n value reflects a measure of
the polyelectrolyte index. There are significant decrease and increase of Log K2 and log K3,
respectively, with increasing o, while the log Ki remains almost constant since the

associated n value of 1.15 is not far from 1.

With increasing a, the equilibrium: [(ZH"7) 20 + H* ™ (ZH2" ") 13] is shifted to the right
thereby decreasing log K% as a consequence of decreasing negative charge density that
encourages protonation. This is in contrast to the increase of log K° [involving (ZH2" 7) 13
+ H" ™ (ZHs") 19], whereby protonation of a repeating unit also decreases the overall
negative charges of the polymer chain. The nvalues > or < 1 are caused by entropy effects
[119,154]. With each protonation, a repeating unit (RU) in ampholytic/anionic (ZH" <) 20
collapses into an ampholytic RU of (ZH>* ) 13. Ampholytic/anionic (ZH" %) 20 having
excess negative charges is more hydrated than PA (+ —) 13 as supported by the higher
viscosity value of the former (cf. Figure 3.4f vs. 3.4b). The protonation of a RU leads to an
entropically favorable release of water of hydration. For (ZH*~) 20, as the o increases, the
average number of water molecules per RU in a polymer chain decreases which leads to a
decrease in the magnitude of the positive entropy changes. Since the exothermic AH® is

independent of «, the AG®, hence K, decreases with the increasing a [154].

For the protonation of (ZH>" ) 13 to (ZHs") 19 (Scheme 3.5), the latter is more hydrated
thus having expanded polymer chain as evinced by its greater viscosity value (cf. Figure

3.4e vs. 3.4b). The more exposed RU makes the neutralization process easier with the
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increasing a (Figure 3.5,1=3) [120,155]. With increasing o, increasing imbalance in favor
of positive charge also increases the degree of hydration, which leads to greater entropy
changes because of release of a greater number of molecules during progressive

protonation.
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Figure 3.5 Plot for the apparent log Ki versus degree of protonation (a) in salt-free water
(@) o (log Ks, run 2, Table 3.4), (b)m (log Kz, run 2, Table 3.4) and (c) o (log
K1, run 2, Table 3.4).

3.7.6 Scale Inhibition Study

In a Reverse Osmosis (RO) process, feed water is converted to product water and rejects

brine, in which supersaturation of dissolved salts, like CaSO4 and CaCOs, may lead to
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precipitation, which reduces the efficacy of the membrane separation process. The percent

scaling inhibition (PSI) is calculated using Equation (4):

[Ca 2+]inhibited ® ~ [Ca* Totenk t)

PSI= -
[Ca™ Jinmivitea ;) — [CB Totank )

x 100 (4)

Where [Ca?*] concentrations are used at time zero and t. The inhibited and blank are used

to describe the presence and absence of the antiscalant.

The concentration of Ca?* and SO.%, present in the reject brine of a RO plant [123], was
described as 1-CB (concentrated brine). The scaling behavior in the presence of PA 13 was
carried out in a supersaturated solution of CaSO4 comprising 3-CB concentration of Ca?*
(2600 ppm) and SO4% (6300 ppm) by conductivity measurements. A sudden drop in the

conductivity indicates the onset of CaSO4scaling (Figure 3.6).

It is indeed satisfying that in the presence of 5 and 20 ppm 13, a 100% scale inhibition was
registered for about 50 and 500 min, respectively (Table 3.5). Since the reject brine usually
has a residence time of =30 min in the osmosis chamber, the current antiscalant may thus
be very effective in inhibiting CaSO4 scaling. As shown in Figure 3.6, the onset of
precipitation occurs after an induction period; an accelerated growth of CaSO4 crystals is
indicated by a sudden drop in conductivity. For a duration of 700 min, 20 ppm PA 13 did
not show any induction time. The crystal growth starts after nucleation process, which is
interfered with the complexation of the metal ions by the chelating ligands of the
antiscalant [124,156]. The gypsum scale, i.e., CaSOa in mineral form, occurs during several

processes involving production of water [157]. PA 13 is found to be remarkably efficient
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in preventing scale formation, and as such it has the ability to mitigate the membrane

fouling in RO plants.
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Figure 3.6 Conductivity of a supersaturated solution of CaSOs in the presence (5, 10, 15,
20 ppm) of 13 and in the absence (blank) of antiscalant.

Table 3.5 Percent scale inhibition in the presence of PA 13 in 3 CB?
supersaturated CaSOa solution at 40 °C.

Entry Sample Percent inhibition at times (min) of

(PPm) 50 100 200 300 400 500 700
1 5 100 92 71 24 22 17 17
2 10 100 100 88 81 76 71 63
3 15 100 99 96 91 88 83 75
4 20 100 100 100 100 100 100 98

aThree times the concentration of Ca2* and SO.2 found in the concentrated brine
of an RO plant.
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3.8 Conclusion

Several diallylamine derivatives 1lab, 5 and 7 as well as quaternary
diallyldialkylammonium chlorides 15a,b have been terpolymerized with MA and SO
using APS initiator or UV light at a A of 365 nm in an attempt to obtain Amine (salt)-MA-
SO> terpolymer. In contrast to reported literature, only 1-2 mol% of MA was incorporated
into the polymer chain mainly consisting of Amine (salt)-SO2 copolymers. The non-
incorporation of MA is attributed to the far greater rate of propagation of Amine (salt)-SO>
than either Amine (salt)-MA or MA-SO: under the polymerization conditions. The
reactivity ratios of both monomers in the Amine (salt)-MA and MA-SO; pairs are = 0;
however, in a three-monomer system: Amine (salt)-MA-SO;, the very slow reactivity of

MA does not allow its incorporation into terpolymer chain to any meaningful extent.

The 1c-MA copolymer PA 13 has been synthesized in excellent yield with an anticipation
that it could be a potential antiscalant. Under pH-induced changes, stimuli-responsive
polyampholyte 13 was transformed to cationic 19, polampholyte-anionic 20, and dianionic
polyelectrolyte 21 to examine their viscosity. The viscosity values of 13 in the presence of
NaCl salt confirmed its antipolyelectrolyte behaviour. The log K (i.e. pKa) of two
carboxylic acid groups and NH* in 13 has been determined to be 2.62, 5.59, and 10.1,
respectively. PA 13 was evaluated as an antiscalant for potential application in reverse
osmosis (RO) plants. At concentrations of 5 and 20 ppm, it demonstrated remarkable
efficiency of =~ 100% for CaSQOg4 scale inhibition from its supersaturated solution for 50 and
500 min, respectively. Since an antiscalant should be effective for the duration of brine’s
residence time (=30 min) in the osmosis chamber, the synthesis of PA 13 in excellent yields

from cheap starting materials and its very impressive performance may accord it a
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prestigious place among many an environment-friendly phosphate-free antiscalant. Note
that polyphosphate additives used for controlling scale formation, when discharged in the

sea have deleterious influence over the marine biota picture [158].
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CHAPTER 4

FAST REMOVAL OF METHYLENE BLUE AND Hg(II) FROM
AQUEOUS SOLUTION USING A NOVEL SUPER-ADSORBENT
CONTAINING RESIDUES OF GLYCINE AND MALEIC ACID

Methylene blue (MB) chloride
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Graphical Abstract
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4.1 Abstract

The first example of an alternate cyclopolymerization of diallylammonioethanoate
[(CH2=CHCH2)2NCH2CO-] and maleic acid in the presence of a cross-linker afforded a
cross-linked polyzwitterionic acid (CPZA) (90% vyield), which upon base treatment gave
the corresponding cross-linked anionic polyelectrolyte (CAPE) in quantitative yield. The
novel pH-responsive resin contains a high density of CO> motifs as well as the chelating
motifs of glycine residues. The resin CAPE turned out to be a super-adsorbent for
methylene blue (MB) removal, having a maximum uptake (qms) of 2101 mg g*. The
process showed an extraordinarily fast adsorption rate; the resin (250 mg) was able to trap
69, 78 and 99.4% MB from its 3000 mg L solution (100 mL) within 2, 3 and 30 min,
respectively. The adsorption followed pseudo second-order kinetics and is found to be
nearly irreversible process as suggested by the parameters obtained from Elovich kinetic
model and separation factor R. from Langmuir isotherm model. The excellent recycling
efficiencies ensured the reuse of the resin. Its outstanding performance, much better than
many of recently reported materials, paves the way for its potent application in remedying
industrial dye-wastewater. The presence of the chelating motifs of aminocarboxylate was
exploited for the removal of Hg(Il) ions; the gug was determined to be 263 mg g* from
Langmuir adsorption isotherm. The resin simultaneously removed MB and Hg(ll) from
aqueous solution and spiked industrial wastewater with remarkable efficacy. The very

impressive performance accorded the resin a prestigious place among many sorbents.

Keywords: Cyclopolymerization; Adsorption; Chelating resin; Desorption;

Methylene blue removal; Hg(Il) removal.
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4.2 Introduction

Incontinent use of dyes and their industrial effluents cause serious water pollution and as
such, their remediation becomes extremely significant for ecological environment
protection. Methylene blue (MB) is a commonly used dye for coloring cotton and silk
[159]. The presence of MB in the effluents of textile, paper, printing and other industries,
leads to a variety of environmental problems [160] and as such, its removal from the waste
streams is of great importance. A considerable fraction of = 7x10° tons (produced annually)
of commercially used dyes is discharged directly in aqueous effluent [161]. The dyes in
wastewaters, when discharged into river streams, cause harm to aquatic life [162]. In
addition to being carcinogenic and mutagenic (in some cases), the presence of dyes
impedes the penetration of light into water, thereby affecting the photosynthetic activity
and hence, the food web [163]. The low biodegradability of dyes [164] renders biological

procedures [165] very inefficient in removing color [166].

Superiority over other techniques led to the extensive application of adsorption technique
[167] for the removal of inorganic and organic impurities from industrial wastewater
[166,168]. Adsorption kinetics and thermodynamic parameters usually provide valuable
clues regarding the mechanism of the process [169]. Most of the studies dealt with the
adsorption of MB mainly on activated carbons [170-172], carbon nanotubes [173],
graphene hydrogels [174,175], biomimetic polydopamine [176], graphene/magnetite
composite [165], chitosan-g-poly(acrylic acid)/montmorillonite nanocomposites [177] or
attapulgite composite [178], metal-organic framework material, iron terephthalate [179],
and metal oxide [180] as well as other adsorbents like chitosan [181], supported alumina

surface [182], perlite (a glassy volcanic rock) [183], etc. Ultrasound-assisted MB
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adsorption by gold nanoparticle-loaded activated carbon has been reported to give faster
adsorption with high adsorption capacity [184]. Surface modification of Fes3Os
nanoparticles with pB-cyclodextrin provided a nano-adsorbent, which was found to be
efficient in the removal of MB [185]. Nanocomposite of magnetic MnFe>O4 and CuFe204
- 2- aminobenzoic acid — phenylenediamine has been applied for simultaneous removal of
Cu(ll) as well as MB [186]. A hydrogel of B-cyclodextrin/chitosan decorated graphene
oxide was found to be very effective in the removal of MB [187]. The adsorptive removal
of MB by a Ni-based metal-organic framework was investigated [188]. Biochars of
different feedstock and pyrolysis temperature were investigated for the removal of MB
[189,190]. Among various adsorbents reported for MB removal [191], the widespread use
of activated carbon is limited owing to its relatively high cost, which led to the search of

other potentially low-cost adsorbents like biomass, clays minerals and zeolites [163,192].

Adsorbents used for the removal of pollutants should be cheap, readily available, easy to
regenerate and environment-friendly. The objective of the current work is to investigate
the removal of MB (as a model basic cationic dye) and Hg(ll) (as a model toxic metal ion)
from industrial wastewater by a novel adsorbent 5 (Scheme 4.1). The adsorbent has been
synthesized for the first time using cyclopolymerization protocol [1,8,136] involving
inexpensive diallylamine salt 1 bearing residue of amino acid glycine (HsN*CH2CO>") and
maleic acid (MA) 2 in the presence of cross-linker 3 (Scheme 4.1). The current study would
deal with adsorption kinetics and thermodynamics, desorption, and other related factors to
investigate the efficacy of the pH-responsive resin 5. The presence of abundant CO;™ and
chelating motifs of R_RNCH>CO>" in 5 is anticipated to make it an extraordinary adsorbent

to trap cationic dyes as well as toxic metal ions.
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4.3 Experimental

4.3.1 Materials

Methylene blue trihydrate (C16H24CIN3O3S: MW 373.9 g mol ) and ammonium persulfate
(APS) were purchased from Sigma—Aldrich. Maleic acid (MA) was purchased from BDH
Chemicals Ltd., and cross-linker 3 was prepared as described in literature [193].

Experiments were carried out using Millipore water (double distilled, 18.2 MQ-cm).

4.3.2 Physical Methods
Following instruments were used:

(1) A Perkin Elmer Series Il Model 2400 for recording FTIR spectra; (2) a Perkin Elmer
(16F PC) spectrometer for atomic compositions; (3) an SDT analyzer (Q600: TA
Instruments) under a N2 flow for Thermogravimetric analysis (TGA); (4) a Sartorius pH
meter and an Oakton pH-meter; (5) a SEM and EDX spectroscopy to examine
morphology; (6) a surface area and porosimetry analyzer (Micromeritics, USA) to
characterize the resins by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods; (7) a GENESYS 10S UV-Vis spectrophotometer (Thermo Electron
Corporation, USA) to determine the concentrations of MB using absorbance at Amax = 665
nm; (8) a Zetasizer (Nano-ZS, Model: ZEN2600) from Malvern Instruments and
Dispersion Technology Software (DTS) were used to determine the zeta potential of resin

4.
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4.3.3 Synthesis of Monomer 1

Diallylammonioethanoate (1) was prepared via ester hydrolysis of ethyl
diallylaminoethanoate [194]. In a modified procedure, a mixture of ethyl
diallylaminoethanoate (CH,=CHCH).NCH.COEt (80.0 g, 0.437 mol) and NaOH (19.3
g, 0.481 mol) in water (100 mL) was vigorously stirred at 23 °C for 6 h. The biphasic
system became homogeneous after 30 min. *H NMR indicated the completion of the
exothermic hydrolysis. After roto-vaping most of the produced ethanol, the residual
mixture containing sodium diallylaminoethanoate (CH,=CHCH,)2NCH.CO2,Na was
treated with concentrated HCI (37%) (50.3 g, 0.510 mol) and then freeze-dried. The
residue, taken up in acetone (200 mL), was heated to boiling, quickly filtered, and the NaCl
residue was washed with boiling acetone (2x200 mL). The filtrates upon evaporation
afforded 1 as a white crystalline solid (65 g, 96%) which can be recrystallized from hot

acetone.

4.3.4 Resin Synthesis

4.3.4.1 Terpolymerization of 1, 2, and 3 leading to Zwitterionic Resin 4

Monomer 1 (7.75 g, 50 mmol), maleic acid (2) (5.8 g, 50 mmol), cross-linker 3 (3.55 g,
11.1 mmol) and water (9.8 g) were taken in an RB-flask (100 mL) fitted with a condenser.
The mixture thus contained monomers and water in a 65:35 wt. ratio. After heating to 100
°C under N2, APS (1.0 g) was added in one portion to the stirring mixture. In 2-3 min, the
homogeneous mixture became cloudy and the exothermic reaction happened quickly to
give the immovable resin 4. After 10 min, the cooled resin was washed with excess water.

After filtration, the resin was vacuum dried at 65 °C (15.4 g, 90%). Found: C, 54.0; H, 6.9;
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N, 5.8%. The units of 1, 2, and 3 in a mol ratio of 0.50:0.50:0.111 ratio in resin 4 require
C, 54.59; H, 6.84; N, 5.91%. A sample of 342 mg of the resin is calculated to contain 1

mmol each of repeating unit (RU) of 1 and 2, and 0.222 mmol of 3.

4.3.4.2 Conversion of Zwitterionic Resin 4 to Anionic Resin 5
A sample of resin 4 (9.24 g, containing 27 mmol RU of each of 1 and 2, and 6.0 mmol of
3) is calculated to have 81 mmol equivalents of CO2H and 27 mmol equivalents of
protonated NH*. The sample is soaked in water (60 mL)/NaOH (7.0 g, 175 mmol) and
stirred for 2 h in a closed flask at room temperature. The mixture was filtered and washed
with methanol to remove any trace of excess NaOH. Anionic resin 5 was then vacuum
dried at 60 °C (11.0 g, =100%). A sample of 400 mg of resin 5 is calculated to contain 1
mmol of repeating unit of 1, 1 mmol of RU of 2 and 0.222 mmol of 3. Found: C, 46.2; H,
5.4; N, 4.8%. The units of 1, 2, and 3 in a mol ratio of 0.50:0.50:0.111 ratio require C,

46.70; H, 5.21; N, 5.06%.

4.3.5 lon Exchange Capacity (IEC)

Cross-linked anionic polyelectrolyte (CAPE) 5 (100 mg) was immersed in 0.1 M HCI (25
mL) and stirred overnight. The excess acid was determined by titrating a known aliquot of

the filtrate by 0.1 M NaOH, and the IEC was calculated using Eq. (1):

iec — HCli— HCl,

W @

Where the subscripts ‘i’ and ‘f* represent initial and final amounts (mmol) of HCI and W,

in grams, represents the mass of the resin. The IEC was determined to be 7.7 mmol g.
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4.3.6 Swelling Coefficient

The 20- to 30-mesh fraction of the crushed resins 4 or 5 was taken in a burette. After noting
its initial volume, the resin was covered with water and the final volume of hydrated resin
was noted when no more volume changes occurred. The ratio of final volume versus initial
volume gave the swelling coefficients of 1.42 and 2.83 for zwitterionic resin 4 and its

anionic counterpart 5, respectively.

4.3.7 Adsorption of MB

Adsorption of MB from its aqueous solution (20 mL) over the concentration range 100
10,000 mg L™ onto resin 5 (50 mg) was conducted in a series of vials where the mixture
was stirred at 300 rpm using a magnetic stir-bar for 12 h (to achieve equilibrium). The
solution pH was adjusted to 9.5. A portion of the samples was centrifuged and the MB
concentrations at equilibrium (Ce) in the clear supernatant were determined after dilution
(if necessary), using a UV—-Vis spectrometer at a wavelength of 665 nm. A linear regression
equation, obtained by plotting a calibration curve for standard solutions of MB at pH 7.0
over a concentration range 0.1-5.0 mg L, was used to determine the MB concentrations.
To avoid pH dependency on the calibration curve, the MB concentration in various samples
(after dilution to the range 0.1-5.0 mg L) was also adjusted to pH 7. The resin’s adsorption

capacity (i.e. ge) was determined using Eq. (2).

Go = (ComC % @

Where the initial and equilibrium MB concentrations (mg L) are denoted by Co and Ce,

V and m represent the solution volume (L) and mass of CAPE 5 (g), respectively.
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The removal percentage (R) of MB was determined using Eq. (3).

(Co_Ce)
=—- X

R
Co

100 3)

The procedure of Kinetic tests at various temperatures of 288, 298, 313, and 328 K was
similar to the equilibrium tests as presented above. A constant temperature bath was used.
Adsorption tests were performed in RB flasks (250 mL) containing resin 5 (250 mg) and
3000 ppm MB (100 mL). At a pre-determined time, a small volume (= 0.2 mL) of the
solution was filtered with a syringe filter (PTFE, hydrophobic, 0.25 um), and the dye
concentration was determined after dilution using UV-Vis spectrophotometer. The

adsorption capacity q: (mg g%) at time t was obtained using Eq. (4).

|4
4= (Co= C) x— @

The gt at various pHs was determined as above by using zwitterionic 4 (50 mg) and 1000
ppm MB (20 mL) at 298 K for 12 h. The pH of the solutions was adjusted to predefined

pH using 0.1 M NaOH.

4.3.8 Adsorption/Desorption Experiment

For adsorption study, the basic resin 5 (100 mg) was stirred at 300 rpm in 40 mL MB
solution (2000 ppm, pH 9.2) in a centrifuge tube for 24 h at 298 K. The absorbance value
of the resultant supernatant gave the adsorption capacity of the resin. After removal of the
supernatant, 1 M HCI (5 mL) was added to the MB-loaded resin at 298 K and stirred for
30 min to desorb MB. The supernatant was decanted; the loaded resin was agitated with

0.1 M HCI (5 mL) for 30 min at 297 K to remove the trace amount of leftover dye (if any)
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in the resin. After the elapsed time, combined supernatants were analyzed for the desorbed
MB to determine the desorption efficiency. The resin in the centrifuge tube was exposed
to 1 M NaOH (10 mL) to regenerate the basic resin, and the above cycle was run in

triplicate with the fixed amount of resin as ensured by centrifugation.

4.4 Results and Discussion

4.4.1 Resin Synthesis

Butler’s cyclopolymerization protocol [1,8] involves polymerization of diallylammonium
salts to give industrially important polymers having pyrrolidine ring embedded onto the
polymer backbone. When a diallylamine salt and MA 2 undergoes copolymerization, it
leads to an alternate copolymer [136]. In the current work, the APS-initiated alternate
copolymerization of diallylammonioethanoate (1) (45 mol%), MA (45 mol%), and cross-
linker 3 (10 mol%) afforded cross-linked polyzwitterionic acid (CPZA) 4 in excellent yield
(90%). At such a high conversion, the feed composition is expected to match the resin
composition. Keeping this in view, an approximate presentation of the resin is depicted in
4, in which alternate sequences of 1 and 2 would be interspersed with homo sequence of
monomer 1 (Scheme 4.1). This is a consequence of the presence of excess of diallyl motifs
in 1 and 3 as compared to alkene motifs in MA. To our knowledge, this Butler’s
cyclopolymerization afforded for the first time a resin having residues of amino acid
glycine and alternate sequence of monomers 1 and 2. CPZA 4 upon treatment with NaOH
gave CAPE 5 in almost quantitative yield. Resin 5, loaded with CO2™ groups as well as the
chelating motifs of R-NCH2CO3 is expected to be a potent cation exchanger as evinced by

a high IEC value of 7.7 mmol g*. The surface area of CAPE 5 was found to be 3.56 m? g !
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which is comparatively large as compared to < 0.1 m? g* reported for conventional ionic

resins (Table 4.1) [195,196].

Table 4.1 BET surface area analysis of CAPE 5.

Parameters Values
BET surface area 3.56 m%g?t
Total pore volume 0.0172 cmg?
Average pore diameter 2.9 nm

4.4.2 TGA Analysis of CPZA 4 and CAPE 5

For resin 5, a 9% weight loss up to 200 °C is due to the removal of moisture (Fig. 4.1a). A
loss of 12% in the range 200-385 °C and a steep loss of 37% in the range 385-490 °C were

observed. The 32% residue at 800 °C is attributed to the presence of sodium salts.

Basic resin 5 was found to be more stable than its acidic form 4 (Fig. 4.1a). For acidic resin
4, an 8.4% weight loss up to 240 °C is due to the elimination of water as a result of
formation of succinic anhydrides. A steep loss of = 54.7% in 240-280 °C range is attributed
to the release of anhydride and CH>CO- units [29,35]. The maleic acid and CH2CO units
are calculated to account for 50.9 wt% thus giving credence to the assigned loss in 240-
280 °C range mentioned above. The removal of amine groups leads to a loss of 36% in the
400-800 °C range. A gradual and steep loss of 12% each were observed in the ranges 280-

420 and 420-480 °C. The residue at 800 °C was found to be 7%.
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Figure 4.1 TGA analysis (a) of CPZA 4 and CAPE 5, and pH dependency
(b) of adsorption capacity (q) of resin 5 for MB at various pHs.

4.4.3 pH Dependency of gt

Adsorption capacity (q) of resin 5 for MB at various pHs is shown in b, which
reveals its steep increase with increasing pH in the range 2.8-5.4, while the dye uptake
remains constant over the pH-range 5.4-11.2. The pKa of the three CO>H groups are
expected to be 2.5, 2.6 and 5.8 [136,197]. Therefore, in the pH range 5.4-11.2, all three
CO2H would remain mainly in the anionic form CO., which imparts electrostatic
interaction to the cationic MB and as such the adsorption capacity remains constant in this
pH range (Scheme 4.2). At lower pH values, the undissociated CO2H groups are not
capable of trapping MB, and as such gme will remain low. This finding will be helpful in

carrying out adsorption and desorption at a higher and a lower pH, respectively.
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Scheme 4.2 Electrostatic interaction between the resin, cationic dye and Hg(ll).

4.4.4 Adsorption Kinetics at VVarious Temperatures

At a time of 1 min, adsorptive removal has attained the values of 41, 47, 58 and 66% at 15,
25, 40 and 55 °C, respectively, while at 10 min interval, the corresponding removal became
90, 92, 96 and 96%. Fig. 4.2 shows that the adsorption has attained its equilibrium value
(= 99%) at a time of 20 min and remained constant up to 360 min (not shown in the plot).
In the beginning (1-2 min), note the faster removal at higher temperatures as dictated by

the adsorption kinetics, while the exothermic nature of the process leads to a decrease in %
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removal with the increasing temperatures over the time range 30-180 min as dictated by

thermodynamics.
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Figure 4.2 Adsorption kinetics of MB % removal at various temperatures.

The equilibrium: MB + Resin ~ Resin ~MB is attained in a relatively short time (Fig.
4.3a). The inset, showing the equilibrium adsorption capacity ge at a time of 6 h, reveals
the continuous decrease in its value with the increase in temperature, which is diagnostic

of an exothermic process.

The kinetics were explored using Lagergren first-order [Eq. (5)] [195] (Fig. 4.3b), second

order kinetic [Eq. (6)] (Fig. 4.3c), and intraparticle diffusion model [Eq. (7)] (Fig. 4.3d):
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Where k1, k2 and kp represent the respective rate constants, while gt and ge represent the

MB uptake at time t and at equilibrium.

The kinetic data is suggestive of a chemical adsorption process [198], since they fit second

order kinetic as evinced by better R? values and matching of the gca and gexp Values (Table

4.2).
1300 5
1200
1100
1000
& 900 ]
o
E
-
500
400
0.0003
& 0.0002
E
o
£ ]
& 0.0001
=
0.0000

800 o
700 14
600 3.

(a)
e s O 9
. 1200 -
P = 3
4 o 1195 ]
? o I .
: E 1190 {7 *
< s 25°C - E .
é e 40 °C = 1185 E
e 55°C 1180 - ——
é 5.8 6 6.2
Time (h})
T T T T T T T T T T
0.5 1
Time (h)
1 o
1(c) Pseudo second-order kinetics !
e 25°C 8
* 40 °C ] .
° § T 1 &
s 98ec S 20.00005 1 5 g
’ @ ] ’r_.'
§ < 1%
T = 0.00000 +——rrr
1 '.-0‘ 0 005 0.1
Time (h}
0.1 0.2 0.3 0.4
Time (h)

Gme(mg g')

loglig.-q; ), mg g']

2.8

1.8 +—

1200 ]

=
=
=
=

=]
=
=]

400 1

2.3

(b)

Lagergren first-order kinetics

s 25°C
e 40 °C :
+ 55 °C -

0.02 0.04 0.06

Time (h)

0.08

0.1

(d) e s

€9, _asasxs 8639
! R® = 0.9625

1 e

y =3355.3x+ 280.97
R*=0.9731

1§ y=-3942.8x+72.826

El}l}_;

R*=0.9771

Intraparticle diffusion

2
12 (h05)

Figure 4.3 Kinetic study of MB adsorption on CAPE 5.
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Usually, most of the adsorption processes involve three consecutive steps: (i) fast diffusion
of adsorbate (i.e., film diffusion), (ii) followed by a slower diffusion through the resin pores
(i.e., intraparticle diffusion), and (iii) finally the fast adsorption/desorption equilibrium

(i.e., mass action).

A q: versus t>° plot as per Eq. (7) is expected to shed light on the rate-limiting step. A linear
plot passing through the origin (i.e., xi = 0) would justify the adsorption being exclusively
dictated by the rate limiting intraparticle diffusion [199], while a positive or negative
intercept (i.e., xi # 0), where X; is proportional to boundary layer thickness [200], would
make the film diffusion as part of the overall rate determining step. The g versus t%° plot
(Fig. 4.3d), for instance at 25 °C, is multilinear [201]; the initial steeper section with higher
slope (kq1) accounts for the faster external film diffusion and instantaneous adsorption
achieved in 3 min, while the second linear section with a lower slope (kd2) depicts the
slower intraparticle diffusion (Table 4.2) [172]. The third section parallel to the ‘x’-axis

represents the adsorption process at equilibrium.

The initial adsorption factor (R;) is related to x; and the equilibrium ge, [Eq. (8)]:

R =1- %1 ®
Qe

The instantaneous adsorption and film diffusion in the g: range 0-974 mg g accounts for
81.6% adsorption, while the slower portion in the g: range 974-1193 mg g™ (i.e., 18.4% of
adsorption) is dictated by the intraparticle diffusion (Fig.4.3d). The adsorption of MB at
298 K has R;i value of 0.939 [i.e., 1 — (72.8/1193)] (Table 4.2) apparently implying that

instantaneous adsorption accounts for 6.1% only. The intercept x; of each stage depends on
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the boundary layer thickness, which resists the diffusion. The decrease in intercept values
in the order: x1 < X2 < X3 means that external diffusion resistance is low in the beginning as

there are not many adsorbed MB molecules to resist the mobility of the others [172].

Table 4.2 Kinetic parameters for MB adsorption on CAPE 5.

Temp (e, exp k2 h? e, calc R2 Ea
(K) (mg g?) (h'gmg?)  (h'mgg™) (mg g?) (kJ mol™)
Pseudo second-order
288 1195 0.031 47438 1245 1.0000 315
298 1194 0.048 71225 1214 0.9999
313 1191 0.087 127551 1208 0.9999
328 1187 0.104 147711 1192 0.9999
Temp e, exp ki e, calc R?
(K) (mg g?) (h) (mg g™)
Pseudo first-order
288 1195 15.4 860 0.9799
298 1194 17.2 714 0.9164
313 1191 26.2 688 0.9832
328 1187 20.9 512 0.9878
Temp Kai Xi R R

(K) mgg*h'? (mg g?)

Intraparticle diffusion model

298 3943 (ka) 72.8 (i=1) 0939  0.9771
489 (ka2) 864 (i=2) - 0.9625
0.0548 (k) 1193 (i=3) - 0.4228

3Initial adsorption rate h = k2 ge?.

445 Infrared Spectra

An IR sample of the MB-loaded CAPE 5 was prepared by treating the resin (100 mg) with

2000 ppm MB solution (40 mL) and stirring for overnight at 25 °C. After filtration and
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washing with deionized water, the loaded resin was vacuum dried at 50 °C. The IR spectra
of MB, acidic resin 4, basic resin 5, and MB-loaded basic resin are shown in Fig.4.4.
Absorption at 1716 cm™ was assigned to C=0 stretch of COOH in CPZA 4; the symmetric
and antisymmetric vibrations of CO-™ appeared at 1400 and 1624 cm™, respectively. In the
anionic form CAPE 5, these peaks for CO2™ appeared at 1400 and 1585 (overlapping) cm-

!, The absorption peaks agree well with those of amino acids [202].

In the spectrum of MB.3H20 (Fig. 4.4d), peaks at 1620 cm™ was assigned to the aromatic
ring, while the peaks at 1487 and 1398 cm™* were attributed to the C—N stretching vibrations
[203]. The vibration of the CH3 group is found at 1340 cm™. Most of the peaks of MB and
resin 5 (especially the C=0 absorption peaks) in the spectrum of MB-loaded 5 (Fig. 4.4a)
have shifted thereby indicating the interactions of the functional groups with MB. The
characteristic aromatic adsorption peak of MB at 1620 cm™ is shifted to 1552 cm™ after its

adsorption by CAPE 5 because of intermolecular n-w interaction between aromatic rings.
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Figure 4.4 The infrared spectra of MB, acidic resin 4, basic resin 5,
and MB-loaded basic resin CAPE 5.

115



4.4.6 Activation Energy (Ea)

Ea of 31.5 kJ mol™ for the adsorption process was determined from In kz versus 1/T plots

using Arrhenius Eqg. (9) (Fig. 4.5a) using second-order rate constants k> (Table 4.2). The

relatively large Ea value indicates the process as chemisorption.

Ea
Ink, = - ——=— + constant
2.303RT
1.0 - 2,000 -
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Figure 4.5 The activation energy for the adsorption process.

4.4.7 Adsorption Isotherm

Several experiments were carried out to determine equilibrium adsorption capacity ge and
concentration Ce using various initial concentration (Co) of the dye at 298 K. The e versus
Co plot as displayed in Fig. 4.5b shows a linear increase of ge with Co, which is a

consequence of shifting the equilibrium to right side with the progressive increase of free

MB: MBfree + ReSin = MBads-ﬂ'CSil’l.
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To investigate the adsorption mechanism, following isotherm models [Eqgs. (10) - (13)]

relating ge and Ce, are considered.

Langmuir isotherm:

C. C 1
—S =24 10)
Ge G Gnb
Freundlich isotherm:  log q, = logk, +£Iogce
n
Temkin isotherm: Qe = %ln A+ %ln C. = BInA+ BIn(C,

Dubinin-Radushkevich (D-R) isotherm:

INge=Inqgpo—Bo [(RT In (1 +1/C¢)]? = Ingp — Bp €2

where apparent energy of adsorption, E = 1/(2Bp)*?

ayn

(12)

(13)

(14)

The isotherm parameters from the plots Fig.4.6a-d are included in Table 4.3. Langmuir

isotherm [Eq. (10)] is based on a monolayer formation where the adsorbed molecules do

not interact among themselves [204]. Langmuir constant b and maximum adsorption

capacity gm are determined from the Ce/ge vs. Ce plot (Fig. 4.6a). The outstanding

performance by the resin is reflected by its qm value of 2101 mg g*; to our knowledge, not

many resins are known to surpass this staggering adsorption capacity. Note that the data

obtained from the Langmuir model can be used to determine a separation factor R, using

Eq. (15);

Ry=
(1+bC,)
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The value of RL> 1, = 1, in the range > 0 - < 1, or = 0 diagnoses the adsorption as

unfavorable, linear, favorable, or irreversible process, respectively [205].

Table 4.3 Various isotherm constants for MB adsorption on CAPE 5 at

298 K.
Langmuir
Om b R?
(mg g™) (Lmg™)
2101 0.0387 0.9995
Freundlich
n K R?
(mgl-l/n g-l Ll/n)
1.11 142 0.9979
Temkin
A B R?
(Lgh (I mol)
2.94 235 0.9841
Dubinin-Radushkevich
% E R?
(mg g™) (kJ mol™)
211 3.16 0.9503

The favorable nature of the process is reflected by small Ry values in the range 0.00514-
0.205 (Table 4.4). The small R. values (almost zero in most cases) seem to suggest the

process as irreversible.
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Table 4.4 The R values and % MB removal of MB on
CAPE 5 at 298 K.

Co (mg LY R. value % MB Removal
100 0.205 99.7
250 0.0937 99.7
500 0.0491 99.7
750 0.0333 99.7

1000 0.0252 99.7
1500 0.0169 99.7
2000 0.0128 99.6
3000 0.00854 99.5
4000 0.00642 96.6
5000 0.00514 87.9
10000 — 52.4

Freundlich isotherm model [Eq. (11)] deals with heterogeneous adsorption. The plot (Fig.
4.6b) remains linear in the lower concentration (Co) range 100-2000 ppm. The n value

(1.11) in the range 1 — 10 suggests a favorable chemisorption process [204].

The adsorption data did not fit well with the Temkin [Eq. (12)] (Fig. 4.6¢) and D-R
isotherm model [Eq. (13)] (Fig. 4.6d); for the later, only three MB concentrations (inset:
Co =100, 250, 500 ppm) are used to extract isotherm constants (Table 4.3). In Temkin
model, B (= RT/b) represents the heat of adsorption. The positive B value indicates the

adsorption as an exothermic process (Table 4.3) [191].
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In D-R isotherm model, the free energy of sorption and isotherm constant are represented
by Bp and qp, respectively [206]. The favorability of the process is ascertained by the low

value of E (3.16 kJ mol™Y) (Table 4.3).
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Figure 4.6 The isotherm plots of Langmuir, Freundlich, Temkin,
and Dubinin-Radushkevich.
4.4.8 Adsorption Thermodynamics

The negative slope of the ge versus T plot confirms the adsorption as an exothermic process
(Fig. 4.7a). Adsorption = desorption equilibrium is shifted towards desorption at higher

temperatures. The thermodynamic parameters AH®, AS® and AG® (= AH° - TAS®) [Eq. (16)]
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were obtained from the Vant-Hoff plot (Fig. 4.7b). The negative AH® and AG° values

indicate the adsorption process as exothermic and favorable (Table 4.5).

q AH® AS°
log (=%)=- + 16
J (Ce) 2.303RT 2.303R 16)
Table 4.5 Thermodynamic (AG®, AH®, AS°) data for MB adsorption on
CAPE 5.
Temperature AG° AHP AS° R?
(K) (kI mol?) (kImol?) (I moltK?
279 -11.5 -21.0 -34.1 0.9889
288 -11.2
298 -10.8
313 -10.3
328 -0.81
1,200 2.60
1 (a) ] (b} Vant Hoff plot
=~ 119 ] .. ' 2.10 A
o 1 = ] ¥
b=t )
g— J e g i b
t;_g 1,190 | ‘é,' 1.70 - | . y = 1096417501
y =-0.1891x + 1249.8 . - *
R* =0.9927
1,185 J e B
270 280 290 300 310 320 330 340 300 320 340 360  3.80
Temperature (K) 1Tx 103 (K)

Figure 4.7 The thermodynamically Adsorption = desorption process.
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4.4.9 SEM Images and EDX

MB loaded - CAPE 5, prepared as described under Section 4.4.5, was sputter-coated with
a thin film of gold and scanned. Note that the EDX spectrum of pristine resin revealed the
presence of C, N, O, and Na as expected (Fig. 4.8a), while the presence of S and a drastic
decrease in the amount of Na in the loaded resin are indicative of the exchange between

cationic MB and Na* (Fig. 4.8b).

‘ C{‘
N

SEM HV: 20.0 kV WD: 12.07 mm | SEM MAG: 2.00 kx SEM HV: 20.0 kV 1 SEM MAG: 2.00 kx
3 | Element | Weight (%) | Atomic (%) ‘ [Element | Weight (%) | Atomic (%)
c 45.95 54.44 @ 62.51 67.20
o N 5.49 5.58 N 10.41 13.14
35.35 31.83 o 21.63 17.14
Na 13.09 8.10 £ Na 1.98 1.12
] S s 3.46 1.40
C1 cl 0.13 0.05 ‘ : !
L5 S oo s
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9

Figure 4.8 The SEM and EDX images of MB loaded - CAPE 5.
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4.4.10 Effect of added Salt NaCl on the MB Uptake

The presence of salts in industrial dye wastewater has a bearing on the adsorption; as such

the effect of added NaCl on the dye removal was examined. Fig. 4.9a displays the

dependency of ge on the molarity of NaCl. The Na* ions would compete with the cationic

dye molecules for the anionic sites on the resin. The increase of NaCl concentration

enhances the shielding of the negative charges in the resin, thereby weakening the

electrostatic interaction between MB and the resin. The presence of NaCl in the aqueous

media is thus expected to be detrimental to the adsorption efficiency. For an initial MB

concentration (Co) of 2000 ppm, its removal in the presence of 0, 0.1, 0.5 and 1 M NaCl

was found to be 99.6, 93.7, 92.1, and 88.9%, respectively. For a C, of 1000 ppm, however,

removal efficiency becomes 99.7, 96.3 and 24.1% at 0, 0.1 and 0.5 M NaCl. Overall it can

be seen that, under the current dye concentration range 100-2000 ppm in 0.1 M NacCl, the

removal efficiency does not change significantly.
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=
=
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Figure 4.9 The % removal efficiency of MB in the presence of NaCl and % recovery

efficiency.
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4.4.11 Regeneration and Reuse of Resin

Adsorption/desorption cycle repeated three times gave efficiencies of =~ 99% for both the
adsorption and desorption processes. The resin thus shows excellent recovery with stable

efficiency for the subsequent cycles as shown in Fig.4.9b.

4.4.12 Immobilization Mechanism

The Elovich model [Eq. (17)] shows reasonable fit (R? = 0.9582 — 0.9969) of the Kinetic
data at various temperatures, which points towards a chemical adsorption process (Fig.
4.10a). The o values, which correspond to the initial adsorption rate, were found to be
9.64x10% 1.48x10° 2.59x10° and 9.04x10° mg g* h?' at 15, 25, 40 and 55 °C,
respectively. The corresponding  values, which correspond to the desorption rate, were
0.00349, 0.00367, 0.00393, and 0.00546 g mg™. The high values of a. and low B thus make
the adsorption as essentially an irreversible process [172]. Pseudo second-order Kinetics
also support the process as chemical adsorption. The small values of R (almost zero in

most cases) seem to suggest the process as irreversible (Table 4.6).

a, =; In(af)+ ; Int 17)
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Table 4.6 The R values and % MB removal of MB on CAPE 5 at 298

K.

Co (mg LY R. value % MB Removal
100 0.205 99.7
250 0.0937 99.7
500 0.0491 99.7
750 0.0333 99.7

1000 0.0252 99.7
1500 0.0169 99.7
2000 0.0128 99.6
3000 0.00854 99.5
4000 0.00642 96.6
5000 0.00514 87.9
10000 — 52.4

The pH-dependent surface charge of the resin was determined by zeta potential
measurement. A sample (50 mg) of resin 4 was dispersed in 0.05 M NaCl (5 mL) by stirring
for 3 h, followed by an addition of 0.1 M HCI or 0.1 M NaOH as necessary to adjust the
pH (2-12). Before the zeta potential measurement, the dispersed samples were equilibrated
for 24 h at 25 °C. The pH of the point of zero charge (pHpzc) for resin 4 was found to be
3.0 (Fig. 4.10b). At pH >3, the resin is expected to have excess negative charges. Therefore,
the MB adsorption carried out at much higher pH values (vide supra), would involve
electrostatic attraction among the cationic MB molecules and anionic centers on the resin.
Desorption of MB from MB-loaded resin by water or ethanol was unsuccessful, thus
indicating the sorption of the dye onto the sorbent by a stronger force of chemisorption
rather than physisorption. A strong acid such as HCI was able to dislodge the dye, its
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attachment to the resin may thus be attributed to ion exchange or electrostatic attraction.

FTIR data also supported strong adsorbate-adsorbent interaction.
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Figure 4.10 The irreversibility process of MB towards a chemical adsorption and the
pH-dependent surface charge of the resin via zeta potential measurement.

4.4.13 Removal of Hg(ll)

A stock solution of Hg(ll) ions was prepared using Hg(NOs).. Adsorption capacities for
Hg(1l) were determined using various concentration of Hg(l1) ions in the range 100-2000
ppm at pH 5.3 using experimental conditions similar to that for the removal of MB. The
concentration of Hg(ll) ions was determined by ICP-MS (Model: ICP-MS XSERIES-II).
Plot Fig. 4.11a for Langmuir isotherm [Eq. (10)] gave the gm of 263 mg g*. The favorable
nature of interactions is reflected by the small R. values in the range 0.0733-0.388. The
Langmuir model gives a better fit to the experimental data better than Freundlich model
(not shown), thereby indicating a monolayer adsorption. Fig. 4.11b reveals the increase of

metal uptake with increasing Hg(ll) concentrations.
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Figure 4.11 The Langmuir model for removal of Hg(ll).

4.4.14 Removal of Anionic Dye Methyl Orange (MO) and Simultaneous

Removal of MB and Hg(ll) from Aqueous Solution

Resin 4 was quite successful in simultaneous removal of cationic MB and Hg(l1) from their

aqueous mixture at pH 5.3 (Table 4.7). We have also attempted to remove anionic dye such

as methyl orange (MO). At pH 5.3, the nitrogens in 4 are protonated; as such the protonated

nitrogens are expected to interact with negatively charged MO. However, the removal

efficiency of the anionic dye was found to be modest; the resin removed only 30% MO

from its 200 ppm solution.

Table 4.7 Hg(ll), MB and methyl orange removal from aqueous solution (20 mL)
at pH 5.3 by CPZA 4 (50 mg) at 298 K.

Original sample

Initial concentration
(mg L)

Removal
(%)

Hg(ll) + MB

MO

10 (Hg(11)) +10 (MB)

200

98 (Hg(11)); 72 (MB)

30
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4.4.15 Treatment of Industrial Wastewater
The current resin was employed to remove pollutants from an industrial wastewater matrix
(pH: 5.5). Resin 5 (50 mg) was exposed to the wastewater (20 mL) after spiking with 0.0
and 10 mg L each of MB and Hg(ll) ions at 298 K for overnight. The concentration of
toxic metal ions, especially Hg(ll) ions, was reduced to sub-ppb level in the non-spiked
sample. For the spiked samples, MB and Hg(ll) concentrations are also drastically reduced

(Table 4.8).

Table 4.8 Metal ions and MB concentrations in wastewater before and after treatment with
CAPE 5 at 298 K.

After treatment (ug L)

Metal/Dye  Original sample (ug L) Original sample Original sample spiked with

treated with Hg(I1) (10,000 ug L) and

CAPE 5 MB (10,000 ug L) and

then treated with CAPE 5
Cr 1.48 0.48 0.78
Fe 22.4 1.24 1.38
Co 1.30 0.19 0.37
Ni 2.10 0.32 0.53
Cu 7.68 1.09 0.79
Al 23.7 2.16 1.45
Pb 2.34 0.93 0.45
Hg 1.61 0.15 723.4
MB - - 1465
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45 Conclusion

A resin loaded with carboxylate motifs has been prepared in excellent yield. To our
knowledge, alternate polymerization involving diallyl amine salt has been carried out to
obtain the novel resin for the first time. The resin bearing the residue of amino acid glycine

is made from inexpensive starting materials and its synthesis can easily be scaled up.

The equilibrium experimental data fit with the Langmuir isotherm. The resin turned out be
a super-adsorbent for MB, used as a model cationic dye, having a gqm of 2101 mg g*. The
process shows an extraordinarily fast adsorption rate; in a 3000 mg L™t MB solution, the
resin achieved 69, 78 and 99.4% MB removal within 2, 3 and 30 min, respectively, at 298
K because of the absence of internal diffusion resistance. Its outstanding performance,
better than many recently reported materials (Table 4.8), paves the way for its potent
application in remedying industrial dye-waste water. The MB adsorption follows pseudo
second-order kinetics. The remarkable adsorption/desorption efficiencies ensured the
recycling of the resin. The very impressive performance accords the resin a prestigious

place among many sorbents in recent works.
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CHAPTER 5

A RESIN CONTAINING MOTIFS OF MALEIC ACID AND
GLYCINE: A SUPERABSORBENT FOR ADSORPTIVE
REMOVAL OF BASIC DYE PARAROSANILINE
HYDROCHLORIDE AND Cd(11) FROM WATER

5.1 Abstract

The cyclocopolymerization of N,N-diallylglycine and maleic acid in the presence of
1,1,4,4-tetraallylpiperazinium dichloride afforded a cross-linked polyzwitterionic acid
(CPZA) which upon treatment with NaOH gave the corresponding cross-linked anionic
polyelectrolyte (CAPE) in quantitative yield. The pH-responsive resins contained a high
density of CO2” motifs as well as the chelating motifs of glycine residues. The resin CAPE
was found to be a super-adsorbent for the removal of pararosaniline hydrochloride (PRH)
from aqueous solution; having a maximum adsorption capacity Omax of 1534 mg g+ as
determined by nonlinear Langmuir adsorption isotherm. The adsorption process followed
pseudo second-order Kinetics and found to be nearly irreversible process as suggested by
parameters obtained from Elovich kinetic model. The resin demonstrated excellent
adsorption/desorption efficiencies thereby ensuring its recycling and reuse in potent
application like remediation of industrial dye-waste water. The resin’s chelating motifs was
also efficient in adsorptive removal of Cd(ll) ions with a maximum gcqqny of 248 mg g.
The resin also demonstrated remarkable efficiency in simultaneous trapping of Cd(Il) and

the dye from industrial waste water. The resin’s impressive performance accords it a
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prestigious place among many sorbents in recent works.

Keywords

Adsorption; Pararosaniline; Basic fuchsin; Maleic acid; Cyclopolymerization;

Aminocarboxylate resin.

5.2 Introduction

Estimated annual discharge of more than 1.5x10® m® of colored effluents causes serious
water pollution because of suspected to be carcinogenic and mutagenic nature [207] of
most of the 10,000 different organic dyes with an worldwide annual production over 7x10°
tons [208,209]. The harmful dyes bring toxicity in human beings, fish species and
microorganisms, hence their remediation remains a matter of the utmost importance for
ecological environment protection [210]. The presence of dye reduces sunlight penetration
and thus influences the photosynthetic activities of aquatic flora which are the food source

of aquatic organisms [211].

Even while acknowledging the dyes’ contribution to the world economy, we must seriously
consider their toxicity [212]. Cationic dye Basic fuchsin (BF), also known as pararosaniline
hydrochloride (PRH), is widely used in industries, such as textile, printing, paper, cosmetic
and leather [213]. It is also used as a biological stain and as a tracking dye for certain
proteins [214]. It addition to posing a great threat to aquatic organisms, it is harmful to
humans as it can burn the eyes and irritate the skin [215,216]. Poorly biodegradable basic
fuchsin has been listed as a suspected carcinogen [217,218]. Among a plethora of

techniques used for the removal of dyes [219,220], Adsorption has been established as the
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most efficient, simple, and low cost method [221, 222]. Even though traditional adsorbents
such as activated carbon have excellent adsorption removal capacities for organic dyes, the
water treatment systems demand the development of cheaper as well as more efficient

adsorbents.

Only a few adsorbents have been developed till now for the removal of PRH [223]. A
composite of Graphene/B-cyclodextrin (GNS/B-CD) has been reported to remove basic
fuchsin with saturated adsorption capacity (qm) of 425.8 mg g* [224]. Magnetic
ZnFe>Os@chitosan encapsulated in graphene oxide has shown to have a gm value of 244
mg g [225]. Loess clay, modified by surface grafting copolymerization of acrylamide and
sodium p-styrene sulfonate, is reported to remove BF with a rate of 98.4% in 40 min at 25
°C and a gm of 130 mg g [226]. Polyacrylamide/graphene oxide aerogels have

demonstrated remarkable efficiency for BF removal with a gm value of 1034 mg g [227].

Adsorbents used for the removal of pollutants should be cheap, readily available, easy to
regenerate and environment-friendly. The overall goal of this study was to examine the
ability and mechanism of PRH removal by adsorbent 4 synthesized using Butler’s alternate
cyclopolymerization protocol [1,8,136]. Involving monomer 1, containing motifs of amino
acid glycine, maleic acid (MA) 2 and cross-linker 3 (Scheme 5.1). The current study would
involve the investigation of the adsorption Kinetics, isotherms, thermodynamics,
desorption, and other factors such as pH and ionic strength on the adsorption behavior of
PRH from aqueous solution onto the pH-responsive resin 5. The resin, loaded with CO2
and chelating motifs of R_NCH>COy", is expected to be an efficient sorbent in separate or
simultaneous removal of cationic dyes (like PRH) as well as priority toxic metal ions
(Cd(I1) as a model case).
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Note that both PRH and the resin are pH-responsive since the valency on the nitrogens is

unquenched. The charge density and its type on the polymer backbone is pH-dependent.

In the presence of unquenched nitrogen valency, both PRH and the resin are pH-responsive.
In addition, the resin has the ionizable CO2H groups which upon dissociation would change
the charge density on the polymer backbone. For effective electrostatic attraction, the
adsorption study has to be carried out at pH values which permits sizeable dissociation of
the COOH groups and at the same time keeping the PRH dye in the cationic form without

neutralizing its HCI.
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5.3 Experimental

5.3.1 Materials

Ammonium persulfate (APS), maleic acid from Sigma-Aldrich were used as received.
Pararosaniline hydrochloride (PRH) (also known as basic fuchsin, BF) (C19H1sCIN3 with a
molar mass of 323.8 g mol 1) from Aldrich was crystallized from H,O/MeOH. Cross-linker
1,1,4,4-tetraallylpiperazinium dichloride (3) was prepared as described [193]. Monomer
(1) was prepared as described [194]. The adsorption study was carried out using Double

distilled Millipore water (18.2 MQ-cm).

5.3.2 Physical Methods
FTIR spectra were recorded in a Perkin Elmer (16F PC) spectrometer. An SDT analyzer
(Q600: TA Instruments, New Castle, USA) was utilized to carry out thermogravimetric
analysis (TGA) in the range 20-800 °C under a N2 flow of 100 mL/min. An Oakton pH-
meter (Thermo Fisher Scientific) was used to monitor the sample solution pH in the range

of 0.00 to 14.00 (£ 0.01).

The resin’s morphology was examined and its elemental analysis carried out using
Scanning electron microscope (SEM) and Energy-dispersive X-ray spectroscopy (EDX).
A micromeritics Tristar surface area and porosimetry analyzer (Micromeritics, USA) was
used to measure the BET surface area, pore size, and volumes of the the resin as described.
[228]. The concentrations of PRH dye were analyzed spectroscopically by GENESY'S 10S
UV-Vis spectrophotometer (Thermo Electron Corporation, USA), and 1-cm path-length
quartz cuvette cell was used to monitor the absorbance at Amax = 540 nm (pH = 6.0), at

which the maximum absorbance occurred. Natural pH of PRH solution is known to be 5.91.
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5.3.3 Synthesis of the Resins
The resin was prepared as described [228]. Briefly, a mixture of 1 (5.43 g, 35 mmol),
maleic acid (2) (4.1 g, 35 mmol), cross-linker 3 (2.49 g, 7.77 mmol) and water (6.9 g) in
an RB-flask fitted with a condenser was heated to 100 °C under Ny, then initiator APS (0.8
g) was added in one portion. After the exothermic polymerization (10 min), the immovable
resin 4 was washed with water and dried under vacuum at 65 °C to a constant weight (10.5
g, 88%). Amount of (1-HCI), 2 and 3 in resin 4 (342 mg) was calculated to be 1.0, 1.0 and
0.222 mmol, respectively. Resin 4 was converted into resin 5 by treatment with NaOH as
described [228]. Amount of (1-HCI), 2 and 3 in resin 5 (400 mg) was calculated to be 1.0,

1.0 and 0.222 mmol, respectively.

The IEC of CAPE 5 was determined using as described and found to be 7.65 mmol g
CAPE 5 was found to have BET surface area, total pore volume and average pore diameter

of 3.23 m?g?, 1.77 x 102 cm3 g and 3.1 nm, respectively

5.3.4 PRH Adsorption
Aqueous solutions of PRH in the range 200—4,000 mg/ were taken in a series of vials each
containing resin 5 (50 mg) and stirred at 300 rpm using a magnetic stir-bar at 300 rpm for
12 hat 298 K. Adsorption of PRH from its aqueous solution (20 mL) over the concentration
range 200—4,000 mg/L onto resin 5 (50 mg) was conducted in a series of vials where the
mixture was stirred using a magnetic stir-bar at 300 rpm for 12 h at 25°C (to achieve
equilibrium). At the beginning of the experiments, the pH of the solutions was fixed at =
6.4 by addition of 0.160 g of 1.035 M HCI. A portion of the samples was centrifuged, and
the concentrations of PRH at equilibrium (C¢) in the supernatant were determined after
dilution and adjusting the pH at 6.0 using a UV—Vis spectrometer at a wavelength of 540
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nm. A calibration curve for standard solutions of PRH (0.1-5.0 mg L) (pH = 6.0) was used
to calculate the PRH concentrations in the test samples. The amount of PRH (i.e. ge)

adsorbed onto resin 5 was calculated according to Eq. (1):

Ge = (Co— Ce) X (1)

Where the initial and equilibrium concentrations of PRH (mg/L) are denoted as C, and
Ce, while V and m are the volume of the solution (L) and the mass of the adsorbent (g),

respectively.

The removal percentage of methylene blue was calculated according to Eq. (2):

(Co - Ce)
R (%) = — X 100 (2)

The kinetic tests using a constant temperature bath were carried out at 298, 313, and 328
K in RB flasks (250 mL) containing a stirred (300 rpm) mixture of 2000 mg L™ PRH
solution (99.2 mL), resin 5 (250 mg) and 1.035 M HCI (0.8 g). [Firstly, the acidified PRH
solution was heated to the specified temperature, then the resin was added]. Samples of
solution (= 0.1 mL) were collected at specified intervals from the top of the mixture (after
stopping stirring for 10 s) using a syringe filter (PTFE, hydrophobic, 0.25 um). The
concentartions of PRH after appropriate dilutions were determined spectrometrically after

adjusting the pH to 6.0.

The amount of adsorption at time t, q: (mg g*), was calculated using Eq. (3):

14
qc = (Co—Ct)xE (3)
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The of adsorption capacity dependency on pH was determined as above by stirring a
mixture of 5 (50 mg) and 2000 ppm PRH (20 mL) at 25 °C for 12 h. The pH of the solutions
was controlled by the addition of 0.1 M NaOH or 0.1 M HCI. All adsorption experiments
were performed in duplicates and in some cases triplicates; the relative error of all the

results was in the range 1-3%.

5.3.5 Adsorption/Desorption of PRH

For adsorption study, the basic resin 5 (100 mg) in 2000 ppm rosaniline solution (40 mL)
in a centrifuge tube was stirred using a magnetic stir-bar for 12 h at 298 K. At the beginning
of the experiment, the pH of the solutions was fixed at ~ 6.4 by addition of 1.0 M HCI. The
absorbance value of the resultant supernatant, as determined by spectrophotometrically at
at a A of 540 nm, was used to calculate the concentration of non-adsorbed PRH in the
solution (pH 6.0), hence the adsorption efficiency of the resin.

The PRH-loaded resin in the centrifuge tube was then treated with 1 M HCI (5 mL) at 298
K for 30 min to desorb the dye. The washing process was repeated with 0.1 M HCI (5 mL).
The concentrations of the desorbed PRH in the combined washings was then determined
to calculate the desorption efficiency.

The resin left in the centrifuge tube was washed with deionized water followed by an
exposure to 1 M NaOH (20 mL) to regenerate the basic resin; the adsorption/desorption
procedure was repeated four times. Centrifugation, instead of filtration, ensured no loss of
the resin. Note that ethanol and acetone were used to desorb the rosaniline from the resin,

and was found to be unsuccessful.
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5.4 Results and Discussion

5.4.1 Resin Synthesis

Cyclopolymerization of diallylammonium salts, pioneered by Butler [1,8], generated a
variety of industrially important polymers whose backbones are embedded with five
membered pyrrolidine rings (Scheme 5.1). It is the eighth most important architecture for
synthetic macromolecules [9]. Cyclopolymerization in the presence of maleic acid leads to
alternate copolymer [136]. Our objective was to synthesize a cross-linked polymer
containing a high density of carboxylate (CO2") which can be utilized for adsorptive
removal cationic dyes by electrostatic attraction between the charges of opposite algebraic
signs. Thus monomers 1 (45 mol%), 2 (45 mol%) and cross-linker 3 (10 mol%) in the
presence of APS as the initiator afforded, in excellent yield (88%), the cross-linked
polyzwitterionic acid (CPZA) 4, having alternate disposition of the monomers 1 and 2
(Scheme 5.1). The resin composition is expected to match the feed composition as depicted
in the Scheme because of such a high conversion to the resin. The alternate sequences of 1
and 2 are interspersed with homo sequence of monomer 1, since diallyl motifs in 1 and 3
are in excess as compared to alkene motifs in maleic acid (2). Butler’s cyclopolymerization
afforded the new resin having residues of amino acid glycine and alternate sequence of 1
and 2. Treatment of CPZA 4 with NaOH gave cross-linked anionic polyelectrolyte (CAPE)
5 (quantitative yield). Resin 5 contained a large density of CO™ groups and its cation
exchange ability was assured by its high ion exchange capacity (IEC) value of 7.7 mmol g
! The surface area of CAPE 5 was found to be relatively large (3.56 m? g) as compared

to conventional ionic resins (< 0.1 m? g1) [195,229].
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5.4.2 TGA Analyses

The TGA curves of resin 4, 5 and the PRH-loaded resin, displayed shown in (Fig. 5.1a),
show all three samples remained stable up to 200 °C, whereby ~ 5% is attributed to the loss
of moisture. Basic resin 5 was found to be more stable than its acidic form 4 because the
acid form allows the removal of water to form anhydride from two neighboring CO2H
groups, while the basic forms cannot form the anhydride. For resin 4, A steep loss of =
54.7% in 240-280 °C range is attributed to the release of maleic anhydride units and
CH>CO:z units from the polymer backbone [35,29]. The TGA curve for the PRH-loaded
resin 5 was found to be like that of resin 5 except that wt% loss for the loaded resin is
higher because of the associated loss of PRH. The residues at 800 °C were found to be
34% and 21% for resin 5 and the PRH-loaded resin 5, respectively, the greater loss for the

loaded resin 5 is attributed to the loss of PRH.

120 900 4
3 100 —— Basicresin 5 800 P .
E'; ] —— PRH-Loaded 5 - 7003
@ 80 ] — Acidic resin 4 @D 00 ]
7] =] E .
"_I" 60 ; E 5003 Rd
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Figure 5.1 TGA (a) resin 4, 5 and the PRH-loaded resin. Plots (b) of gern versus pH
at 298 K. [Experimental conditions: amount of resin 4: 50 mg, volume of
medium: 20 mL, initial PRH concentrations Co: 2000 ppm].
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5.4.3 Effect of pH on Adsorption

pH versus adsorption capacity (q) plot, shown in ( ), reveals the steep increase of
g with increasing pH in the range 3.0-6.4. Over the pH-range 6.4-9.0, the dye uptake
reaches maximum at a pH of 6.4, thereafter it decreases very slowly with the increase of
pH. In the pH range 6.4-9, all three CO2H, expected to be in the anionic form CO>
[136,197]. (Scheme 5.2), are involved in the electrostatic interaction with cationic PRH
and as such the adsorption capacity remains constant in the pH range. The structure of PRH
changes in an alkaline environment, which affects the color as well Amax of adsorption.
Hydrolysis constant pKn and pKa of PRH are reported [230] to be 7.6 and 11.7, respectively.
Its pKn value of 7.6 shows that in an acidic medium of pH 6.37 or 6.0, it exists almost

entirely in the non-carbinol cationic form (Scheme 5.2).

. . @ e} @ o
pK,:26  pKy:5.8 NH, Cl© pK,:117 NH; CI®

HO,C COyH
| pKy: 7.6
Kh

+ HO ———

| OH
N
T
H,N NH, H,N NH,

pK;: 105 CO,H
pKy: 2.5 Pararosaniline hydrochloride (PRH)

®

Scheme 5.2 pKaand pK values of several acidic centers.

However, a slight decrease of adsorption capacity (q) at the higher pH values may be
attributed to the decrease of cationic species of PRH. At lower pH values, the undissociated

CO:zH groups are not capable of trapping PRH, and as such ger+ Will remain low.
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5.4.4 Adsorption Kinetics

5.4.4.1 Lagergren First- and Pseudo-Second Order Kinetics, and

Intraparticle Diffusion Model

The pH of the solution was measured during the adsorption process; an increase in pH in
the range 5.55-6.37 was observed as it inches towards the equilibrium at 25°C. pH of
natural PRH is 5.91; upon adsorption, neutral NaCl is released and the acidic motifs of

PRH" becomes a part of insoluble resin, thereby increasing the pH of the system.
Resin-CO2’Na* (s) + PRH" Cl" (ag) = Resin-CO2 PRH* (s) + Na'(ag) + Cl (aq)

At 60 min interval, the PRH removal efficiencies have become 77, 80 and 78% at 298, 213
and 228 K, respectively, while the adsorption process reached equilibrium at around 120
min (Figure 5.2). At 360 min the equilibrium removal values become 98, 97 and 96% at
25, 40 and 55 °C. The faster kinetics for the adsorption process is observed at higher
temperatures, while the equilibrium %removal decreases with increasing temperatures
because of the thermodynamics of the process (see the inset showing the expanded view of

the %removal at the time of 7 h.

Similar pattern is observed in the adsorption capacity g: versus time plots (Fig. 5.3a). The
qerincreases with time and attains equilibrium: PRA + Resin ™ Resin — PRA in a relatively
short time. The inset, shows the equilibrium ge value’s continuous decrease with the
increase in temperature. The Kinetics of the adsorption process were examined using Eq.

(4) (Fig. 5.3b), Eq. (5) (Fig. 5.3c), and Eq. (6)) (Fig. 5.3d):
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Figure 5.2 Percent PRH removal by resin 5 versus time at various temperatures.

medium: 100 mL, initial PRH concentrations Co: 2000 ppm, pH 6.37].

kot

log(qe — q¢) = log q. ~ 5303

1 t

Pseudo — second order:

Intraparticle diffusion:

= +
q: kzqez de

qe = x; + kqt®®

(4)

(5)

(6)

Where ki, k2 and kp represent the respective rate constants, while the adsorption capacities

at time t and at equilibrium are denoted by g and ge, respectively. As evinced by the R?

values and matching of the gca and gexp Values, the kinetic data fit the second order model

better thereby suggesting chemical nature of the adsorption process [231] (Table 5.1).

Besides fast film diffusion of the adsorbate to the sorbent, the adsorption process traverses

through a slower intraparticle diffusion in the resin pores. A g versus t®° plot as per Eq. (6)
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Figure 5.3 Adsorption from 2000 ppm PRH Solutions (100 mL) at pH 6.37 onto CAPE
5 (250 mg) at @25, @40, and @55 °C: (a) Adsorption Capacity Versus Time
Plots; Kinetic Plots of (b) First-order, (c) Pseudo second-order, and
(d) Intraparticle Diffusion.

- is expected to shed light on the rate-limiting step, whereby a linear plot with a zero-
intercept value would confirm the intraparticle diffusion as the rate-determining step [199,
200]. The multilinear [201] plot (Fig. 5.3d) at 298 K comprises the initial faster
instantaneous adsorption (and film diffusion) with higher slope (kq1), while the second
linear section represents the intraparticle diffusion with a lower slope (kda2) where x; is
proportional to boundary layer thickness (Table 5.1) [200, 172]. Thus, both film and

intraparticle diffusion control the kinetics of the adsorption process.

144



Table 5.1 Lagergren Kinetic Model and Intraparticle Diffusion Model Parameters for
Pararosaniline Adsorption on Resin 5 at Different Temperatures.

Temp Ce, exp ko h? Qe calc 2 Ea

(K) (mgg?)  (h'gmg")  (h'mgg")  (mgg?) (kJ mol™)
Pseudo second-order

298 787.2 0.00416 2812 822 0.9995 20.1

313 776.8 0.00630 4000 797 0.9991

328 768.8 0.00873 5252 776 0.9981

Temp Qe, exp ky e, calc R?

(K) (mg g™) () (mg g™)
Pseudo first-order

298 787.2 0.977 595 0.9532

313 776.8 0.971 495 0.9614

328 768.8 0.767 392 0.9479

Temp Kdi Xi R R

(K) mggth™®  (mgg?)
Intraparticle diffusion model

298 644 (ka1) 7.82 (i=1) 0.990  0.9679

192 (ka2) 420 (i=2) - 0.9988
21.8 (Kas) 731 (i=3) — 0.7706

3Initial adsorption rate h = kz ge?.

Eq. (7) describes the relationship between initial adsorption factor (R;), xi and (.

X:
Rij=1-—+ )

Je

The instantaneous adsorption and adsorption by film diffusion in the g: range 0-613 mg g
L accounts for 78% (i.e., 100x613/787) adsorption since the equilibrium qe is 787 mg g7,

while the slower second linear portion in the qg: range 613-754 (i.e., 18 % of overall
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adsorption) is controlled by the intraparticle diffusion process (Fig.5.3d). The adsorption
of PRH, for instance at 298 K, has R; value of 0.99 [i.e., 1 — (7.82/787)], implying that

instantaneous adsorption accounts for a negligible 1% only (Table 5.1).

5.4.5 Infrared Spectra

An IR sample of the PRH-loaded CAPE 5 was prepared by stirring a mixture of the resin
(100 mg) with 2000 ppm PRH solution (40 mL) for 24 h at 298 K. After filtration and
washing with deionized water, the loaded resin was dried under vacuum at 50 °C. Fig.5.4
displays the IR spectra of PRH, acidic resin 4, basic resin 5, and MB-loaded basic resin.
While the absorption at 1716 cm™ was due to C=0 stretch of COOH in CPZA 4, the
absorption bands at 1400 and 1624 cm™ were attributed to the symmetric and
antisymmetric stretching of COO™ in the dipolar motifs of 4, respectively. In CAPE 5, the
COO" appeared at 1400 and 1585 (overlapping) cm™. The absorption peaks agree with

those observed for simple amino acids [202].

In the spectrum for PRH (Fig. 5.4d), peaks at 1580 cm™ is attributed to the vibration of the
aromatic ring, while the absorption band at 1456 and 1360 cm™ could be assigned to the
C—N stretching vibrations. Even though the characteristic absorption peaks of PRH are not
shifted to any significant extent, C=0 absorption peak in the spectrum of PRB-loaded 5
(Fig. 5.4a) have shifted to 1650 cm™ indicating the interactions of the anionic carboxyl

groups with cationic PRH.
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Figure 5.4 IR Spectra of (a) PRH-loaded Resin 5, (b) Resin 5, (c) Resin 4, and (d) PRH.

5.4.6 Energy of Activation

Arrhenius plot of In ka2 versus 1/T using Eq. (8) (Fig. 5.5a) gave the activation energy (Ea)
of 20.1 kJ mol™* for the adsorption process (Table 5.1). The relatively smaller E, value

indicates the adsorption as a favorable process.

E
a__ 4 constant (8)

Ink,=—- =
2.303RT
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Figure 5.5 Arrhenius plot (a) and Initial Concentration (b) VVersus Equilibrium Adsorption
Capacity of Resin 5 for PRH at pH 6.37 at 298 K.

5.4.7 Thermodynamics of Adsorption

Several ge and Ce were determined using various initial concentration (Co) of the dye at
288, 298, 313, and 328 K. The Fig. 5.5b, depicting the ge versus Co, plot, shows a linear
increase of ge with Co, which is a consequence of shifting the equilibrium to right side of
the equilibrium with the progressive increase of free PRH: PRHfee + Resin =
PRHads—resin.

The mechanism of the adsorption process was further explored using nonlinear isotherm

models as described by Egs. (9) - (11) involving the relationship between ge and Ce, are

considered.

K . C
Langmuir isotherm: q. = CIT?T::C: 9
Freundlich isotherm:  ge = K¢.Ce 1" (10)
Temkin isotherm: ge = B. In (At. Ce), where, B = RT/bt (12)
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where K is the Langmuir equilibrium constant (L mg™), and Qmax is the maximum
adsorption capacity of the PRH (mg g1). Kr represents Freundlich isotherm constant (mg
gl), n denotes adsorption intensity. A;, br and B represents Temkin isotherm equilibrium
binding constant (L g), Temkin isotherm constant and constant related to heat of sorption

(3 molY), respectively.

The dimensionless thermodynamic equilibrium constant equilibrium constant K¢° at
various temperatures were determined using nonlinear isotherm plots at various
temperatures, where the equilibrium constant K. (L mg™?) from Langmuir nonlinear plots

must become dimensionless as described by Eq. (12) [228, 232, 233].

1000.Ky,. My ).[PRH]°
2 = Q000 Ko M. PR a2

where the coefficient of activity was represented by dimensionless y, [PRH]° is the standard

PRH concentration (1 mol L™) and Mw the molecular weight of the PRH (323.8 g mol ™).

Microcal Origin software (Version 7.5) were used for the nonlinear adsorption isotherm
fitting and statistical analyses. The nonlinearized Langmuir isotherm plots were shown in
Fig. 5.6. The R2aqj values of 0.9914, 0.9941, 0.9926 and 0.9917 at 288, 298, 313 and 328
K, respectively, indicates the excellent fitting of the experimental data to Langmuir
isotherm model. The extracted parameters from the relevant nonlinear Langmuir plots
(Fig.5.6a-d) are given in Table 5.2. As evident from the R? values, Langmuir plots fitted
better than Temkin and Freundlich plots (Table 5.2). The small AH® value 24.8 kJ mol™ of
reveals the exothermic and the physical nature of the adsorption process [234]. The

negative AG° ensures the favorability of the adsorption process (Table 5.3).
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Table 5.2 Langmuir, Freundlich, and Temkin, Isotherm Model Constants for Rosaniline
Adsorption on CAPE 5 at 298 K.

Langmuir isotherm model

2
Qmax KL R
(mg g™ (Lmg™)
1534 0.0283 0.9954
Freundlich isotherm model
n ks R2
(mgl-l/n g-l Ll/n)
2.74 180 0.9380
Temkin isotherm model
A B R?
(Lg?h (3 mol™Y)
0.475 276 0.9830

Langmuir isotherm model (Eqg. (9)) is based on the formation of a monolayer on a
homogeneous sorbent surface where there are no interactions among the adsorbed
molecules [204]. The outstanding performance by the resin is reflected by its gm value of
1534 mg g at 298 K; not many resins are known to surpass this staggering adsorption
capacity. In Temkin isotherm, the positive B (= RT/b) value of 276 J mol* indicates the

adsorption as an exothermic process (Table 5.2) [191].

The ge versus T plot (Fig. 5.7a) reveals the decrease of ge with increasing T. The
thermodynamic parameters AH®, AS® and AG® (= -RT Ln K¢°)) were obtained from the
Vant-Hoff plot (Eq. (13)) (Fig. 5.7b).

AH® AS°

Ln (K,°) = — T + B

(13)
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Figure 5.6 Nonlinearized Langmuir isotherm plots.

Table 5.3 Thermodynamic (AG®, AH®, AS°) data for PRH adsorption on CAPE 5.

Temperature K2 KeoP AGP© AHP AS°
(K) (Lmg?)  (unitless) (kimol!) (kImol™) (Jmol™K?)

RZ

288 0.0453 14668 -22.84 -24.8 -6.8

298 0.0283 9163.5 -22.77

313 0.0184 5957.9 -22.67

328 0.0125 4047.5 -22.57

0.9903

3Langmuir equilibrium constants from nonlinear isotherms; °Made dimensionless using Eq

(16); °AG®= - RT Ln K

151



9. (mgg)

800
795
790 1
785 ]
780 -
775 3
770
765
760 1
755 J

750 ]

y = -0.5793x + 960.06 -
R* =0.9801 .

270 280 290 300 310 320 330 340

Temperature (K)

Ln K,

9.75 -

9.50 ]
9.25 ]
9.00 ]
8.75 |
8.50 ]
8.25 ]

8.00 1

Vant Hoff plot *

y =2.9824x - 0.8178
R* =0.9903

3.00

1/Tx 103 (K

Figure 5.7 (a) Equilibrium adsorption capacity of CAPE 5 versus temperature,
(b) Vant Hoff plot. [Experimental conditions; amount of resin:
50 mg, volume of medium: 20 mL, initial RA concentration:

2000 ppm; pH: 5.37].

54.8 SEM Images and EDX

The EDX spectrum PRH-loaded CAPE 5 (Fig. 5.8b), prepared as described for the

preparation for IR sample, revealed the increase in the amount of C and N, and drastic

decrease in Na and O as compared to those of the unloaded resin (Fig. 5.8a), thereby

confirmed the chemical exchange between cationic PRH and Na* (Fig. 5.8b).
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Figure 5.8 SEM and EDX Analysis for CAPE 5 (a) Unloaded and (b) Loaded with PRH.

5.4.9 Mechanism of Adsorption

The Elovich model Eq. (14) excellent fit (R?> = 0.9906 — 0.9970) of the kinetic data at
various temperatures, indicating that the process occurs by chemical adsorption (Fig. 5.9a).
The initial adsorption rate represented by o values were found to be 9.26x10%, 1.57x10*
and 5.77x10* mg g* h! at 25, 40 and 55 °C, respectively. The corresponding desorption
rates (i.e p values) were 0.00720, 0.00793 and 0.0103 g mg™. The high and low values of
o and B thus make the adsorption as essentially an irreversible process [172]. Pseudo
second-order Kinetics also support the process as chemical adsorption. The small values of
RL (almost zero in most cases) seem to suggest the process as irreversible (Table 5.4).

1 1
q: = Eln( af) + Eln t (14)
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Desorption studies can help elucidating the mechanism of an adsorption process.
Desorption by water indicates that the attachment of the dye onto the adsorbent is by weak
bonds. If a strong acid such as HCI can dislodge the dye, its attachment to the resin may be

attributed to ion exchange or electrostatic attraction.
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Figure 5.9 (a) Linear fits of Elovich kinetic model to the PRH adsorption at concentrations
of 2000 ppm (100 mL) pH 6.37 in the presence of resin 5 (250 mg) at 25, 40
and 55 °C, (b) Adsorption/desorption repeated cycles of PRH onto resin 5.
[Experimental conditions: amount of resin 5: 100 mg, volume of medium:
40 mL, initial PRH concentrations Co: 2000 ppm, pH 6.4].

5.4.10 Recycling

The four cycles of adsorption/desorption reveled the efficiencies of =~ 95% (Fig. 5.9b),

thereby showing excellent recovery with stable efficiency.

5.4.11 Removal of Cd(l1) and Simultaneous Removal of PRH and Cd(l1)

from Aqueous Solution

The release of heavy metal ions from various industrial effluents to water bodies poses the

greatest danger to the environment and their inherent toxicity poses formidable health
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problems to various living organisms [235].The toxicity of cadmium in human body leads
to various diseases [236,237], and its threshold level stipulated by WHO in drinking water
is 0.003 mg/L [64]. Adsorption capacities for Cd(ll) were determined for various
concentration of Cd(l1) ions (prepared using Cd(NOz3).) in the range 100-1000 ppm at pH
5.3 using resin 4 (50 mg) and Cd(Il) solution (20 mL). ICP-MS (Model: ICP-MS
XSERIES-11) was utilized to determine the concentration of Cd(Il) ions. Langmuir
isotherm plot (Eq. 10) gave the qm of 248 mg g (Fig. 5.10a). Cd(ll) uptake was found to

increase with increasing Cd(lI1) concentrations (Fig. 5.10b).
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Figure 5.10 (a) Langmuir isotherm of the adsorption of Cd?* ions on resin 4 at 298 K,
(b) Initial concentration versus equilibrium adsorption capacity of resin 4

for Cd?* ions at 298 K. [Experimental conditions; amount of resin: 50 mg,
volume of medium: 20 mL, temperature: 298 K, initial Cd?* concentrations:
100, 200, 400, 600, 800, and 1000 ppm], pH 5.3].

5.4.12 Industrial Wastewater Remediation
An industrial wastewater matrix (pH: 5.5) (20 mL) was treated with Resin 5 (50 mg) at 298
K in the absence and presence of Cd(Il) (10,000 ug L) and PRH (10,000 pg L) for
overnight. The concentrations of priority toxic metals like Hg(Il) and Pb(ll) were reduced
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to sub-ppb levels. For the spiked samples, PRH and Cd(ll) concentrations are also
drastically reduced (Table 5.4). Resin 4 was also able to trap simultaneously both PRH and

Cd(I1) quite successfully (Table 5.4).

Table 5.4 Comparison of Cd?* and Rosaniline (RA) Dye Concentrations in Wastewater
and Deionized Water Samples Before and After the Treatment with Resin 4 or 5 at 298
K.

After Treatment (ug L?)

Metal/Dye Original Sample (ug L)  Original Sample Original Sample Spiked with
Treated with Resin ~ Cd?* (10,000 pg L) and RA
(10,000 ug L) and then
Treated with Resin

Wastewater having pH 5.5 Treated with Resin 5

Cr 1.46 0.32 0.66
Fe 22.1 1.31 154
Co 1.28 0.26 0.43
Ni 1.99 1.14 1.21
Cu 8.26 1.22 1.48
Al 22.5 8.23 10.2
Pb 3.08 0.98 1.22
Hg 1.49 0.47 0.64
Cd 88.4 1.01 798
PRH 0 0 889
Deionized water Cd?* (10,000 pug L) and RA (10,000 pg L) treated with Resin 4 at pH 5.5
Cd - - 400
PRH - - 1790
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Table 5.5 A comparative Adsorption Capacities (gm) of Resin 5 for PRH (or Basic

Fuchsin) with other Types of Adsorbents.

Adsorbents
Euryale ferox Salisbury seed shell

Graphene/p-cyclodextrin composite

Magnetic ZnFe,Os@chitosan encapsulated in graphene
oxide
Acrylamide copolymer grafted on Loess clay

Anionic polyacrylamide/graphene oxide aerogels
Magnetic and non-magnetic modified sugarcane bagasse
Modified peat-resin particle

KMnO4 modified Typha orientalis activated carbon

Activated carbon/ferrospinel composite
Tubular structured ordered mesoporous carbon
Sodium sulfite modified cation exchange resin
Aminocarboxylate/maleic acid resin

gm (Mg/9)
19.5
426
244

130
1034

419
280
145

101
1403
127
1534

Ref.
[17]
[48]
[19]
[20]
[21]
[51]
[52]
[53]
[14]
[54]
[7]

This work

5.5 Conclusion

A resin loaded with carboxylate motifs has been prepared in excellent yield using

cyclopolymerization reaction. The resin is made from inexpensive starting materials and

its synthesis can easily be scaled up. The equilibrium experimental data fit perfectly with

the Langmuir isotherm. The resin turned out be a superadsorbent for PRH, used as a model

cationic dye, having a maximum adsorption capacity of 1534 mg g*. The resin outperforms

many a recently reported material (Table 5.5), and hence becomes a potent candidate for

the remediation of industrial waste water. The PRA removal mechanism involves pseudo

second-order kinetics. The negative AH® and AG° values ensured the favorability of the

exothermic adsorption process. The adsorption/desorption efficiencies were excellent to
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ensure the recycling and reuse of the resin. The very impressive performance accorded the
resin a prestigious place among many sorbents in recent works. The ultrahigh adsorption
capacity (vide infra) for PRH, (used as the model basic cationic dye because of its extensive
use in various industries) suggests that the resin has great potential and a promising future
to remove dyes from industrial dye-wastewater. The presence of numerous CO2™ in 5 is
anticipated to make it a superadsorbent to trap cationic dyes. Note that the current resin has
successfully removed dye and Cd(I1) pollutants from an industrial wastewater matrix (pH:

5.5).
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 Conclusion

The diallylammionium monomers 1 and 12 (Chapter 2) have been copolymerized
successfully using maleic acid 2 via alternate cyclopolymerization resulting in to
polyzwiterion PZ 4 (ZH, *). While monomer 1 with maleic acid 2 upon treatment with
concentrated HCI afforded alternate cationic polyelectrolyte copolymer CPE 14.
polyampholyte 15 have been synthesized by an exothermic polymerization of monomers
11 with Maleic acid 2. The diester groups in 15 were hydrolysed by using 6 M HCI to
generate 4 in order to correlate the solution properties of 4 and 15. The successful formation
of these synthesized polymers in term of functional groups, bonds, and stage of thermal
stability and dissociation was proven qualitatively by H-NMR, BC-NMR, IR,

spectroscopy and TGA.

In order to compare the degree of homopolymerization of monomer 1 and copolymrization
between 1 and Maleic acid 2 using different imitators in aqueous solution found that
homopolymerization of 1 as well as its copolymerization with maleic acid 2 using AIBN
as initiator have been reported to give polymers in low yields (typically below 20%) and it
observed that the High initiator concentrations (up to 5 mol-%) were necessary to obtain
the polymers while the use of APS initiator (= 10 mol%) at higher polymerization
temperature (98 °C) for a short duration (20 min) afforded the alternate PZ 4 in very good

isolated yields (= 70%).
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The solubility behavior of synthesized polymers have been tested and it’s showed that
unlike the majority of electroneutral polymers. For instance, PA (+ —) 15 was found to be
water-soluble. A possible point behind that could be that both the positive nitrogens as well
as the negative charge centers on the carboxyl are in a crowded environment, hence
preventing them from intragroup, intra- and inter-chain associations required for the

appearance of ampholytic interactions.

To investigate the degree of polymerization in pH-responsive tetraprotic 4 and diprotic 15,
a pH-induced changes of backbone charges have been studied in detail by viscometric

technique and it showed having identical degree of polymerization.

The potentiometric titrations have been applied in polymers 4 and 15 to determined
protonation constants (or pKa) of the CO2™ (or CO2H) and trivalent nitrogen (or protonated

NH").

The antiscalant properties using supersaturated solution of CaSO4 have been Evaluation
for PZ 4 it implied a remarkably effective in inhibiting the formation of calcium sulfate

scale for days at 40 °C.

Several diallylamine derivatives 1lab, 5 and 7 as well as quaternary
diallyldialkylammonium chlorides 15a,b has been terpolymerized with MA and SO> using
APS initiator or UV light at a wavelength of 365 nm in an attempt to obtain Amine (salt)-
MA-SO; terpolymer (Chapter 3). The results indicated that In contrast to reported
literature, only 1-2 mol% of MA was incorporated into the polymer chain mainly consisting

of Amine (salt)-SO> copolymers. And that might due to big difference in the rate of
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propagation of Amine (salt)-SO. than either Amine (salt)-MA or MA-SO. under the

polymerization conditions.

The Polyampholyte 13 has been synthesized in excellent yield constructed of 1c-MA
copolymer which under pH-induced changes was transformed to cationic 19,
polampholyte-anionic 20, and dianionic polyelectrolyte 21. All the synthesized polymeric
structures have been elucidated by 1H-NMR, 13C-NMR, IR, and TGA. The solubility
behavior, antiscalant, viscosity in the presence of salt NaCl, and basicity constand have

been studied in details.

Alternate polymerization involving diallyl amine salt has obtained the novel resin loaded
with carboxylate motifs in excellent yield for the first time (Chapter 4). The resin
considered be a super-adsorbent for MB, used as a model cationic dye, having a gm of 2101
mg g*. The experimental process showed an extraordinarily fast adsorption rate; in a 3000
mg L~ MB solution. It has exhibited an outstanding efficiency better than many a recently
reported resins (Table 4.8). The recycling process of the resin has been studied and showed

remarkable efficiency.

6.2 Future Work

The synthesized polymers showed very good performance in application of water treatment
as scale inhibitors as well as metal ions and organic dye removal. There are some scopes

for the future study to be taken in account as follows:

0 The synthesized polymers could be tested as corrosion inhibitors.
0 These polymers can be applicable for the separation techniques such as in the

protein separation.
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o Some biological study for these polymers could be performed like the toxicity
because if considered them to use in separation via membranes.

0 These new prepared polymers could need a further characterizations using
advanced techniques such as combination of NMR and fluorescence spectroscopies
and/or dynamic light scattering specially in case of study of the pH-dependent
aqueous solution properties.

o The new synthesized novel resin (chapter 4) may be a good candidate represents
another important family of cross-linked polyzwitterionic/anionic resins might

have another applications for both academic and industrial.
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