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ABSTRACT

Polymer supported reagents were synthesized by functlonalization of

polymer supports for the purpose of selective metal ion separation. Three

categories of polymer supports with different microenvironments were prepared.

Vinylbenzyl chloride (VBC) crosslinked with 2% divinylbenzene was

copolymerized with either methyl methacrylate (MMA) to give a polar

environment or styrene (STY) to give a hydrophobic environment. Different oligo

ethyleneimines and phosphonic acid were used as ligands in the synthesis of

monofunctional resins. Bifunctional aminophosphonic acid resins were prepared

by phosphorylation of ethyleneimine ligands. The characterization of the resins

shows that as the length of the ethyleneimine ligand increases, more crosslinking

takes place. Metal ion studies of Cu^"", Pb^^, Cd^^ and Eu®^ were performed in

pH 5 sodium-acetate buffer solution at a 24 hour contact time. The

microenvironmental effect plays an important role in the degree of

functionalization as well as in metal ion complexation. Bifunctional

aminophosphonic acid resins outperformed the amine or phosphonic acid

monofunctional resins in metal ion complexation.

The Mannich reaction of a polystyrene-based primary amine resin with

diethylmalonate(DEM), tetraisopropylmethylene diphosphonate (TIPP),

triethylphosphonoacetate (TEPAc) and phosphorous acid (PhA) were carried out

varying the acid amount, reaction time and temperature.
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The Fries rearrangement of poly(4-acetoxystyrene) was successfully

achieved with aluminum chloride-nitrobenzene under moisture-free reaction

conditions. The Fries-rearranged resin and its phosphorylated analogue were

studied with several metal ions.
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CHAPTER 1

Introduction

The use of polymer-supported reagents has been widespread in organic

synthesjs\ catalysis^ and ion exchange®. The interest in ion exchange polymers

for the recovery of toxic metal ions from water has grown significantly, as

indicated in numerous publications'^ over the last thirty years. It has been

reported that thousands of hazardous waste sites exist all over the world and

they are threatening our environment.® For example, the Hanford Reservation in

Washington State has 177 underground storage tanks, containing more than 65

million gallons of radioactive waste.®® These wastes were generated from the

nuclear experiments for national defense for the past half century. Suitable

separation technologies for purification of toxic waste water in a safe, cost-

effective and environmentally friendly manner needs to be developed.

Two techniques have been developed for the recovery and purification of

toxic metal ions from water: solvent extraction and ion exchange. The principle®

of solvent extraction is liquid-liquid distribution. Soluble complexing agents

dissolved in organic solvents interact with metal ions in an aqueous phase and

concentrate the metal ions in the water-immiscible phase. The complexant can

be regenerated by removing from it the metal ions and recycled. The solvent

extraction technique is versatile and displays rapid kinetics. However, several



problems such as the handling of large volumes of liquid produced during

processing and the loss of complexants into the aqueous phase through

dissolution and incomplete phase separation still exist as disadvantages/

The principle of ion exchange resins is that the ligands immobilized onto

the polymer matrix complex the metal ions. Further, eluting cation exchange

resins with an acidic solution allows recovery of the metal ions and regenerates

the polymer for continuous use. The ion exchange resins have a disadvantage in

kinetics. The time to equilibrium can be long with ion exchange resins compared

to the solvent extraction process.® As our research has shown, however, this

problem can be solved by applying the principle of bifunctionality.^

Ion exchange resins are defined as insoluble solid materials that can

carry exchangeable cations (cation exchangers) or anions (anion exchangers).

Two types of polymeric ion exchange resins have been developed ; inorganic

and organic. Inorganic supports have high mechanical strength, high thermal

stability and good ability to withstand organic solvents.^® However, there are

several disadvantages including difficulty in functionalization and low ion

exchange capacity."

The organic ion exchange resins can be either natural polymers (for

example, cellulose and chitin) or synthetic polymers. As synthetic polymers,

styrene-based polymers are in wide use due to the wide range of versatility in

reactions which can be performed such as nucleophilic and electrophilic aromatic

substitution. They also have physical and chemical stability.^



Ion exchange resins were jntroduceci by Adams and Holmes, who

sulphonated phenol-formaldehyde condensation polymers Later, better ion

exchange resins containing functionalized styrene-divinylbenzene copolymers

were introduced by D'Alelio/^

Among many kinds of polymer-supported ligands found to be selective to

specific metal ions, polystyrene-supported sulfonic acid resin is in use for the

recovery of Ca^*, Mg^^ and Mn^"^ from acidic solutions.^"^ It does not have good

selectivity among many ions, however, due to its narrow range of reaction free

energy values for ion exchange/® The carboxylic acid resin is more selective

than sulfonic acid but has a limitation in solution pH (which needs to exceed 3)/®

Oxygen-based ligands such as phenol/formaldehyde^^ copolymers show

higher selectivity toward Rb* and Cs"" while sulfur-based ligands such as 4-

thiomethylpolystyrene^®, thioglycolate^® or dithiocarbamate^ are known to

complex or precipitate most of the heavy metals such as Ag", Hg^^, etc. The

phosphorus-based ligands such as phosphonic acids, esters and phosphine

oxides are very good extractants for uranium, gold and transition metals like Zn^",

Ni^^ or The polymers carrying nitrogen ligands such as

polybenzylamine^, aminomethylpyridine^ and polyethyleneimine^"^ are found to

have a high selectivity tovft^rd Cu^"^. Crown ethers are well known to have a high

selectivity toward alkali metals.^

The selectivity of ion exchange resins toward a targeted metal ion is a

very important issue because they become useful when they can recover only



targeted metal ions. Therefore, in designing a selective polymer, the selection of

a suitable ligand is a major task. In the selection of a chelating ligand, both

theoretical background and experimental evidence should be considered. The

Irving-Williams series^'^^ helps in understanding ligand-metal complex formation.

It is the order of stability constants of metal ion complexes:

Ba^^ < Sr^^ < < Mg^^ < Mn^^ < Co^* < Ni^^ < Cu^^ >

The formation constants (Kn) of ethylenediamine show a uniform trend of slightiy

increasing stability constants toward the end of the series.^^ For the general

case of the complex MLn (M:metal, L:ligand), the stepwise formation constants

(Kn) are

M  + L ^ ML Ki= {ML] / [M][L]

ML + L ^ ML2 K2= [ML2] / [ML][L]

ML2 + L ^ ML3 K3= [ML3] / [ML2][L]

MLn.i + L ^ MLn Kn= [MLn] / [MLn.i][L]

The overall formation constant Pn are

Pn = Ki K2 K3 ... Kn Pn= [MLn] / [MHL]"

Pearson suggested a simple rule for predicting the stability of complexes

formed between acids (metal ions) and bases (ligands) ̂ : Hard acids prefer to

bind hard bases and soft acids prefer to bind soft bases. Hard species tend to be

small in size with low polarizability while soft acids and bases tend to be larger in

size and more polarizable.



Metal ion complexation with polymeric ligands could be different from

theoretical expectations based on small molecule analogues.® Some ligands

known to show selectivity for a certain metal ion sometimes lose their selectivity

when they are applied in polymeric system. The large local concentration of

ligands in the macromolecular framework may not allow the same behavior of

polymeric ligands as with monomeric ligands.'^ However, it is usually assumed

that the complexation behavior of a chelating ion exchange resin is similar to that

of corresponding monomeric functional units in aqueous solution.® Eger, etal.,

evaluated this assumption by comparing the coordination behavior of monomeric

N-benzyl iminodiacetic acid and its cross-linked polymer analogue toward some

divalent transition metal ions.®^ The thermodynamic properties of these

monomeric and polymeric compounds were similar showing good agreement

between experimental and calculated results. Kennedy, et al., investigated the

complex stability constants over a suitable range of metal ions for monomeric,

dimeric and oligomeric compounds before being incorporated into polymeric

supports.®

There are some considerations that need to be made besides the

successful choice of ligands. Selective ion exchange polymers should be stable

and resistant to normal operating conditions such as temperature and pressure

changes while maintaining their physical and chemical properties.® They also

should allow a quantitative and fairly fast ion exchange process.



The variables thought to affect the complexation rate of polymer

supported ligands are polymer matrix rigidity, macroporosity and resin particle

size. A polymer which does not have sufficient rigidity may collapse in ionic

solution. When the polymer matrix is too rigid, however, it does not allow the

metal ions access into the matrix as well as resulting in a low degree of

functionalization on the polymer matrix. Therefore, an appropriate polymer matrix

rigidity needs to be decided that balances strength against polymer collapse and

sufficient accessibility of metal ions.®' Rigidity in the polymer matrix can be

controlled by the cross-linking level in polymerization.

There are two types of polymers in terms of porosity. One type is

macroporous, in which the polymerization is carried out with an inert solvent

solvating the monomers and polymer, and the other is microporous (gel), in

which the polymerization is carried out in the presence of only monomers. The

pores in the macroporous resin (~0.05pm) are much larger than in the

microporous gel resin (~0.005|im). Metal complexation with macroporous resins

usually outperforms that of microporous gel resins at a short contact time, where

accessibility into the matrix is the controlling variable.®®'^ Compared to gels,

higher crosslinking is needed for macroporous resins to prevent the collapse of

the macro channels but it might restrict accessibility of the functional groups as

well as metal ions.

Resin particle size is also a factor affecting the metal complexation rate.

The smaller size of the resin allows greater access by the metal ions due to the



large surface area of the resin. However, small particle size resin can not always

be used because of pressure drop in real industrial processes. The proper

particle size of a resin needs to be decided in terms of both maximum

performance of metal complexation and process efficiency.

There are two methods of introducing ligands into polymers. One way is

making the polymer supports first and functionalizing with ligands. The other way

is to pre-functionalize the monomers and then polymerize. The polymerization of

pre-functionalized monomers can avoid many drawbacks associated with

multistep chemical modification processes in which side reactions can bring

impurities into the polymer.^ However, copolymerization of functionalized

monomers, in fact, depends on the relative reactivity ratios of those monomers.^

Some functional groups can act as inhibitors or retarders in polymerization,

limiting copolymerization. The post- functionalization method is thought to be

ideal because it provides flexibility in the selection of functional groups.

Designing a minimal number of steps is critical to ensure the formation of the

functional groups and to avoid interference of the chelating behavior from other

nondiscriminative functional groups.

The goal of this research is to design and synthesize polymer-supported

ligands for the purpose of selective metal ion complexation. This work involves

the influence of bifunctionality, resin particle size, ligand effect and the

microenvironmental effect on the metal ion complexation.



CHAPTER 2

Immobilized Poiyamines and Poiyaminophosphonates : First Report of

Polymer-Supported Synergistic Complexation in Bifunctional Resins and

Identification of a Microenvironmentai Effect

Polyethyleneimine is known to be ideal for complexation with certain

metal ions.^®'^^ However, the complex of polyethyleneimine with metal ions is

usually soluble in water and hard to isolate.^®'^® In order to overcome this

limitation, insolubilization of polyethyleneimine was tried by crosslinking with

proper agents or by grafting to cross-linked polymers.''® '*^ Poly(styrene-g-

ethyleneimine) has been found effective for the complexation of heavy metal ions

and the higher the content of polyethyleneimine in the graft copolymer, the better

the resins complexed the metal ions.'^^ The selectivity was in the order of

Hg^*>Cu^'^>Cd^'^, which is in agreement with the stability constants of the

amine:metal ion complexes."^

A resin formed from reaction of polyethyleneimine with poly(vinyl

benzaldehyde) gives a highly selective resin for Fe^^ over various other metal

ions."*^ The resin containing polyethyleneimine and mercapto groups shows

various metal ion selectivities in different pH."® The 2-pyridylmethylamine and N-

2-(2-pyridyl)ethylenediamine ligands incorporated into chloromethylated

polystyrene have been reported to chelate transition metal ions in the order

Cu^'*^> Ni^'^> Co^^> Nishide et al. separated metal ions including Cu^^,



Fe^^, Co^*, Zn^", and Hg" by using crosslinked poly(ethyleneimine) or

poly(vinylpyrldine) resins.'^^ Several transition metal ions were complexed with

water-soluble polymeric binder made from polyethyleneimine and polyacrylic acid

and the metal ions were separated by ultrafiltration from the mixture."*®

Polyethyleneimine-cellulose copolymer showed selectivity for Cu^^ over other

transition metal ions at pH 3.5~4.5.'*®

In the study of polyethyleneimine binding with Cu^"^ and ions in

solution, it was found that polymeric ethyleneimine more strongly complexed

metal ions than monomeric ethyleneimine.®® The overall formation constant (fi2)

of the polyethylenediamine-Cu^^ ion complex was about 10® times greater than

the formation constant (Ki) of the ethylenediamine-Cu^^ ion complex. This great

increase in the stability of polyethyleneimine, as explained by the authors, was

due to the greater concentration of ligands within the polymer relative to the

concentration in solution. A chelate effect can be used to explain the differences

in behavior of ammonia vs. ethylenediamine and other polyethyleneimine ligands

(see page 45).®^ It is noted that 5-or 6- membered ring systems are ideal for

chelation while larger rings do not show the chelate effect.®^ ®® When the ring

becomes sufficiently large, the possibility increases that one end of the ligand will

contact another metal ion and not come around to the first metal ion attached at

the other end of the molecule.

Phosphinic and phosphonic acid groups are known to exhibit high

selectivity toward hard Lewis acid cations including uranyl and ferric ions.®^ ®®



Kennedy and co-workers synthesized a phosphorylated polystyrene-

divinyibenzene copolymer and found it to be selective for urany and ferric ions

due to strong coordination by the electron donating phosphoryl oxygen.®®'®^

Egawa, etal., investigated the uptake oftrivalent lanthanides by various

polystyrene based phosphinic and phosphonic acids at different crosslink levels,

porosity, contact times and acidity of solutions.®® Bis(phosphonic acid)

functionalized polystyrene is also found to be a good coordinator for transition

metals used as catalysts in hydrogenation.®® There are many other phosphoryl

compounds showing excellent metal ion recovery such as tributylphosphate®°

and trioctylphosphine oxide.®^ Phosphonic acid ligands are also excellent

complexing agents by combining ion exchange with coordination.®^

Dual mechanism bifunctional polymers have been developed by

Alexandratos etal. which utilize both an access mechanism to bring metal ions

into the polymer matrix and a recognition mechanism to selectively react with the

metal ions.®® A phosphinic acid resin, which operates via ion-exchange and

redox mechanisms has been used to reduce Ag"^ and Hg^'*^to Ag°and Hg°,

respectively.®® The bifunctional phosphonate monoester/diester resin utilizes

coordination as the recognition mechanism.®^ The bifunctional phosphonic

acid/quaternary ammonium chloride resin removes Ag*^ as its insoluble chloride

salt by means of precipitation as the recognition mechanism.®® The

aminophosphonic acid resin is prepared in the present research for study as a

dual mechanism ion exchange/ coordination resin.

10



The microenvironmental effect®® can be defined as the Influence of non-

reactive groups surrounding an active iigand on the interaction between that

ligand and incoming molecules or metal ions. For example, it was reported®^ that

(dialkylamino)pyridine ligands covalently bound to a polystyrene support worked

better as an acylation catalyst when the degree of functionalization was less than

50%. This was due to a more hydrophobic environment around the ligands. In

recent research, it was found that as the polarity of the microenvironment

surrounding active ligands in the Mitsunobu reaction decreased, the kinetics

improved by lowering the energy of the transition state.®®

The microenvironmental effect is also observed in metal ion complexation

by ion exchange resins. Alexandratos, etal., found that different

microenvironments surrounding an active ligand on a polymer can affect the

metal ion complexation and the results were quantified by the corresponding

binding constants.®® The equimolar imidazole:ester IPN (Interpenetrating

Polymer Network) binds Cu^^ almost 100 times more strongly than the imidazole

IPN because the polymeric microenvironment becomes less polar with the ester

content in the polymer.

In this research, vinylbenzyl chloride (VBC) was polymerized with

divinylbenzene (DVB) as the cross-linking agent and either styrene (STV) or

methyl methacrylate (MMA) to give different microenviroments in the polymer

support (Figure 2.1). The VBC / STY copolymer creates a hydrophobic

11
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environment around the active ligands while the VBC / MMA copolymer creates a

more polar environment. Each copolymer was prepared with a molar ratio of

VBC to STY or MMA of 0.18/0.82. The molar ratio in the copolymers was based

on performance determined from previous research.®®

Monofunctional resins with various lengths of ethyleneimine and

phosphonic acid groups were introduced into the polymeric supports.

Aminophosphonic acid resins were prepared to study the effect of bifunctionality

on metal ion complexation.

Experimental

A. Synthesis and Characterization

The three copolymer supports being used in metal ion studies are 2%

DVB cross-linked VBC, VBC/STY (0.18/0.82 mole ratio) and VBC/MMA

(0.18/0.82 mole ratio) copolymers. Each copolymer is prepared by suspension

polymerization with bead sizes of -40 +60 mesh (0.250-0.425mm) for the VBC

and VBC/STY resins and -60+80 mesh size (0.180-0.250mm) for the VBC/MMA

resin beads. The relationship of bead diameter with standard sieve sizes is

summarized in Table 6.4 of the Appendix.

Each polymer support has three different types of ligands;amine,

aminophosphonic acid, and phosphonic acid. A variety of amines are introduced

on the copolymer: primary amine(PA), ethylenediamine (EDA),

13



diethylenetriamine (DETA) and tetraethylenepentamine (TEPA). The aminated

copolymers are further phosphorylated to prepare the aminophosphonic acid

bifunctional resins. The reaction procedures are briefly described below and

more detail given in Chapter 5.

1. Amination of Copolymers

The primary amine (PA) resins were prepared by the Gabriel reaction

(Figure 2.2).®® The beads containing VBC moieties were reacted with excess

potassium phthalimide in DMF followed by hydrogenation with hydrazine and

hydrolysis. The functionalized beads were washed with distilled water and

conditioned by eluting with 1L H2O, 4wt% NaOH, H2O, 4wt% HCI and H2O until

neutral. The ethylenediamine (EDA) resins were prepared by reaction of the

VBC, VBC/STY or VBC/MMA gels with excess ethylenediamine (99% purity) in

dioxane at reflux. The beads were conditioned as above. The diethylenetriamine

(DETA) resins were prepared using the same procedure as the EDA resins from

diethylenetriamine (99% purity) and conditioned as above.

Tetraethylenepentamine (TEPA) resins were prepared with

tetraethylenepentamine (technical grade:60% purity, includes

tris(aminoethyl)amine, diaminoethylpiperazine, and piperazinoethylenediamine

according to technical personnel at the Aldrich Chemical Co.). All resins were

characterized by their percent solids (g dry resin/ g wet resin x 100) and nitrogen

elemental analysis.

14
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2. Phosphorylation of Amine Resins

In order to prepare bifunctlonal resins, the amine resins were

phosphorylated via the Mannich reaction using formaldehyde and phosphorous

acid with an acid catalyst (Figure 2.3). The functionalized resins were conditioned

by eluting with 1L H2O, 4wt% HCI, H20,4wt% NaOH and H2O until neutral. The

aminophosphonic acid resins were characterized by their percent solids,

nitrogen, phosphorus and acid capacities.

3. Monofunctional Phosphonic Acid Resins

Monofunctional phosphonic acid resins were prepared by the Arbuzov

reaction on each copolymer using an excess of triisopropyl phosphite. The

phosphonate ester was hydrolyzed to the phosphonic acid by refluxing with

concentrated HCI (Figure 2.4). The functionalized resins are washed and

conditioned with 1L H2O, 4wt% NaOH, H2O, 4wt% HCI and H2O until neutral. The

phosphonic acid resins were characterized by percent solids, phosphorus

analysis and acid capacity.

B. Metal Ion Studies

The metal ion complexing abilities of the amine, aminophosphonic and

phosphonic acid resins from 2 % DVB crosslinked VBC, VBC/STY and

VBC/MMA copolymers are investigated using 1*10"^ N Cu(N03)2, Pb(N03)2,

16
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Cd(N03)2, Eu(N03)3, Cr(N03)3. and Co(N03)2 in solutions buffered to pH5 with

0.6N acetate.

A buffer solution was used in the metal ion studies because the amine

functional groups can be easily protonated from acid solutions. It was found that

the pH of acidic solutions kept changing irregularly after each solvent exchange

with amine resins due to protonation of the amine ligands. The protonated amine

resins did not give reproducible results in the metal ion studies.

An amount of resin corresponding to either 0.5 or 1 milliequivalent of

functional groups (nitrogen capacity for amine resins, phosphorus capacity for

phosphonic acid resins, and either nitrogen or phosphorus capacity (see Tables)

for aminophosphonic acid resins) were weighed and solvent exchanged four

times with pH 5 acetate buffer solution. (The former amount was used when the

resin was in short supply.) This is indicated as (0.5) and (1) for 0.5 and 1 mequiv in

the Tables. Metal complexation results using the different amounts of resins can

not be compared in terms of percent complexed, but distribution coefficients can

be compared. After solvent exchange, the resins were contacted with 10 ml of

the 10"^ N metal ion solution for 24 hour to allow enough time to reach

equilibrium. The metal ion solutions were then filtered from the resins and the

final concentrations were measured with a Perkin-Elmer Model 3100 atomic

absorbance spectrometer. The results are reported in terms of percent M""^

complexed and distribution coefficients (D) defined as

19



D = milliequivalents perg polymer/milliequivalents Mf'*' perm! solution

It should be noted that a small difference In percent complexed at

high complexation levels can give a large difference in the distribution coefficient.

For example, in studies with the same resin, 14.00% complexed has a D value of

6.0 and 20.32% complexed has a D value of 9.3 but 93.46% complexed has a D

value of 612 while 99.00% complexed has a D value of 4242.

In order to evaluate whether complexation by the polyamine resins is

simply an additive effect of having more than one nitrogen in the ligand, a new

distribution coefficient (D') is introduced to compare the results in terms of

milliequivalents of functional group (nitrogen capacity for the amine resins,

phosphorus capacity for the phosphonic acid resins, and either nitrogen or

phosphorus capacity for the bifunctional resins (as specified in the Tables)).

milliequivalents NT* per milliequivalent functional group in the polymer
D' =

milliequivalents M"* per ml solution

Results

A. Characterization of resins

1. Amine Resins

20



1.1. Primary Amine (PA) Resins

The properties of the PA resins prepared from the Gabriel reaction

(Figure 2.2) are listed in Tables 2.1.1, 2.1.2 and 2.1.3. The percent solids of the

VBC/STY resin (MH-1-233) was higher than the VBC(MH-1-173) or VBC/MMA

(MH-1-253) resins due to the hydrophobic character of the styrene. The nitrogen

capacities of all three PA resins show that the aminations are successful. MH-1-

173 is 81 % functionalized while MH-1-233 and MH-1-253 are 76% and 100%

functionalized, respectively.

That the VBC and VBC/STY resins are less functionalized than the

VBC/MMA resin may be due to the crowded environment between the ligands in

the former polymers. The VBC and phenyl groups in the 2% cross-linked

polymers may be so close to each other that they interfere in the phthalimide

functionalization. The VBC/MMA resin, with a molar ratio of 0.18/0.82, was

functionalized to 100% perhaps due to the less crowded surroundings between

the VBC ligands.

1.2. Ethylenediamine (EDA) Resins

The EDA resins were successfully prepared and the characterization

results are reported in Table 2.1.1, 2.1.2 and 2.1.3. The percent solids of the

VBC/STY EDA resin (MH-1-110) was higher than the VBC and VBC/MMA EDA

resins (MH-1-032 and -142). The experimental nitrogen capacity of MH-1-032

21
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was 7.54mequiv/g. This was not attributed to incomplete functionalization of the

copolymer because the phosphorylated EDA resin (MH-1-009) was subsequently

examined by chlorine elemental analysis and showed a very low chlorine

capacity (0.4 mequiv/g), which implies that all -CH2CI groups are functionalized. It

is noted that for, this and all other resins, the experimental nitrogen capacity is

considerably less than the theoretical value. The most likely explanation is

internal crosslinking by the polyamines. Possible crosslinking reactions of

diethylenetriamine(DETA) with VBC are illustrated in Figure 2.5. The percent

functionalization can be used as a measure of the degree of crosslinking

because the theoretical nitrogen capacity is obtained by assigning a non-

crosslinked structure and the lower the apparent percent functionalization, the

greater the crosslinking. The phenomenon is prominent only in the VBC resins,

not in the VBC/STY and VBC/MMA resins. In the case of EDA, compared to the

68% functionalization of the VBC resin, the VBC/STY resin was 86%

functionalized and the VBC/MMA resin was 83% functionalized. This is because

the greater number of -CH2CI groups present in the VBC copolymer give a

greater chance for bridge formation. The VBC/STY or VBC/MMA copolymers

give less bridge formation due to a lower concentration of-CH2CI groups.

1.3. Diethylenetriamine (DETA) Resins

The properties of the DETA resins are summarized in Table 2.1.1, 2.1.2

and 2.1.3. The percent solids in the VBC/STY resin (MH-1-116) was higher than

25



^ ̂̂ CH2NHCH2CH2NHCH2CH2NH2

^CH2NHCH2CH2NHCH2CH2NHCH2-^

^-^~~y-CH2NHCH2CH2NCH2-^~~y-/
cll /
NH2

CH2NCH2
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CH2
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figure 2.5

Possible Crossiinking Configurations of DETA Resins
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the VBC and VBC/MMA resins (MH-1-037 and MH-1-146), as expected. The

experimental nitrogen capacities for the three DETA resins were again less than

the theoretical values due to crosslinking. However, it should be noted that the

VBC resin and the VBC/STY resin showed greatly decreased functionalization. It

was found that VBC has 66%, VBC/STY has 62% and VBC/MMA has 83%

functionalization, indicating a high level crosslinking. The reason the VBC/STY

resin is highly crosslinked is probably because diethylenetriamine is long enough

to reach another -CH2CI group. It is unclear, however, why the VBC/MMA resin

shows less crosslinking than the VBC/STY resin.

1.4. Tetraethylenepentamine (TEPA) Resins

The properties of the TEPA resins are listed in Tables 2.1.1, 2.1.2 and

2.1.3. They show the same trend in percent solids and nitrogen capacities as the

DETA resins. Given the low TEPA purity, the precise composition of the resins is

unclear. The metal ion studies are reported as indicators of what can be

expected using commercially available TEPA, but can not be used for

comparative conclusions.

2. Aminophosphonic acid resins

The data for the aminophosphonic acid resins are summarized in Tables

2.2.1, 2.2.2 and 2.2.3. The primary amine phosphonic acid resins from VBC (MH-

1-180) and VBC/MMA polymers (MH-1-270) showed a nitrogen to phosphorus

27
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capacity ratio of approximately 1:1.5. This indicates that some of the nitrogen in

the amine resins reacted with more than one phosphorous acid (Figure 2.6).

However, the VBC/STY resin (MH-1-286) was not phosphorylated as much as

the VBC or VBC/MMA resins, showing a nitrogen to phosphorus capacity ratio of

1:0.66.

The remaining phosphorylations achieved nitrogen to phosphorus ratios

in the range 1:0.35 to 1:0.89. It is thought that a 1:1 ratio could not be achieved

because of steric hindrance. As the length of the amine group increases, more

crosslinking causes steric hindrance and may hinder access of the phosphorous

acid.'*^ For all aminophosphonic acid resins, the acid capacities are almost

exactly twice the phosphorus capacities, indicating complete hydrolysis to the

acid.

3. Monofunctional Phosphonic acid Resins

The properties of the phosphonic acid resins are summarized in Table

2.3. The phosphorus capacity of each resin is in good agreement with the

theoretical value. The acid capacities are supposed to be twice the phosphorus

capacities after ester hydrolysis. However, the VBC/STY resin is not completely

hydrolyzed perhaps because of the hydrophobic environment. The VBC/MMA

resin shows an acid capacity that is larger than the theoretical value, and this

may indicate that the methacrylate is being partially hydrolyzed.
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Structures of Phosphorylated Amine Resins

32



T
a
b
l
e
 2
.
3

Mo
no

fu
nc

ti
on

al
 P
h
o
s
p
h
o
n
i
c
 a
ci
d 
R
e
s
i
n
s

R
e
s
i
n
s
 

C
o
p
o
l
y
m
e
r
s
 
Fu

nc
ti

on
al

 
b
e
a
d
 s
iz

e 
%
 s
ol

id

G
r
o
u
p
 

(
m
m
)
 

(
%
)

p
h
o
s
p
h
o
r
u
s
 c
ap

. 
Ac
id
 c
ap
. 

P
:
 A
ci

d 
ra

ti
o

(m
eq
ui
v/
g)
 

(m
eq
ui
v/
g)

M
H
-
1
-
0
3
4
 

V
B
C
 

P
h
A
 

0
.
2
6
0
-
0
.
4
2
5
 

5
3
.
9
1

M
H
-
1
-
2
5
6
 

V
B
C
/
S
T
Y
 

P
h
A
 

0
.
2
5
0
-
0
.
4
2
5
 

6
4
.
4
4

M
H
-
2
-
0
0
2
 

V
B
C
/
M
M
A
 

P
h
A
 

0
.
1
8
0
-
0
.
2
5
0
 

5
8
.
1
2

® 
th

eo
re

ti
ca

l

P
h
A
:
 p
ho
sp
ho
ni
c 
ac
id

4.
51

 (
4.
82
)^

1.
65
 (
1.
42
)

1.
69

 (
1.
25
)

8
.
8
6

1
.
8
2

4
.
4
7

1
 :
 1
.
9
6

1
 :
 1
.
1
0

1
 :
2
.
6
4



B. Metal Ion Studies

The amine, aminophosphonic acid and phosphonic acid resins were

contacted with metal ion solutions for 24 hours. The amine resin studies with

Cu^^, Pb^^, Cd^"^ and Eu^^ are summarized in Tables 2.4.1, 2.4.2, 2.4.3 and 2.4.4.

The aminophosphonic acid resins were also studied with Cu^"^, Pb^"^, Cd^"^ and

Eu^^and the results are in Tables 2.5.1, 2.5.2, 2.5.3 and 2.5.4. Since the Co^^

and Cr^"^ solutions did not give good reproducibility, only Cu^^, Pb^"^, Cd^"^ and

Eu^"^ studies will be emphasized. The Co^"^ (Tables 6.1.2 and 6.2.2) and Cr^"^

(Tables 6.1.1 and 6.2.1) results will be listed separately in the appendix. Studies

with the monophosphonic acid resins are reported in Table 2.6.

Generally, as the length of ligand in the amine resins increases from PA to

EDA, the level of Cu^"^ complexation increases indicating a chelate effect by

multidentate ligands. There is no further increase from EDA to TEPA and PEHA

resins.

The VBC /STY resins show less complexation than the VBC or

VBC/MMA resins due to the hydrophobic character of the styrene. This indicates

a microenvironmental effect that will be discussed in more detail below. The PA

resin of the VBC/STY copolymer was the poorest complexing resin due to not

only the short length of ligand but also its hydrophobicity.

Through all the metal ion studies, the aminophosphonic acid resins show

better complexing ability than amine resins except for Cu^^ which complexes well

with both amine and aminophosphonic acid resins.
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Discussion

The metal ion studies are reported in terms of percent M complexed and

distribution coefficients D and The former (D) value was calculated per one

gram of resin used. The later (D') value was calculated per one milliequivalent of

nitrogen for amine resins; either per one milliequivalent of phosphorus or one

milliequivalent of nitrogen, as specified in the Tables, for the aminophosphonic

acid resins; and per one milliequivalent of phosphorus for the phosphonic acid

resins. Since the degree of functionalization of VBC/STY or VBC/MMA resins

are lower than that of VBC resins, D values of VBC/STY and VBC/MMA resins

are much smaller than that of VBC resins for the same percent M complexed.

The D' value, which is based on the number of functional groups, decreases this

gap which arise from the different degrees of functionalization between resins.

The metal ion studies will be discussed mainly in terms of D' because it lets us

compare the metal study results purely in terms of the type and the length of the

ligand without being affected by the degree of functionalization.

1. The Monofunctional Resins

The monofunctional amine resins have the highest affinity for Cu^^ with

the most dramatic increase being from PA to EDA. The affinities displayed by

EDA, DETA and TEPA are similar and all microenvironments have the same

affinities. That the very high Cu^"*^ affinities indicate that accessibility into the

matrix is not a limiting factor. All amine resins have very low affinities for Pb^^,
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and Eu®^ with a possible order of Cd^^>Pb^'^>Eu®''. The different

microenvironments have similarly low affinities.

The fully functionalized monofunctional phosphonic acid resin has very

high affinities for and Pb^", a high affinity for Eu®*, and a lower affinity for

Cd^^. The affinity for all ions decreases significantly in the MMA

microenvironment and the affinity is still not significant in the STY

microenvironment for all ions except for Pb^"^ where complexation is quantitative.

The fact that the PA resin performs poorly relative to other resins can be

explained with the coordination stability constants. The table of overall stability

constants {R„) (Table2.7) shows how the stability of the Cu^^ complex with

ammonia in low coordination number is poor compared to that of EDA. The

overall complexation constant iSaof ammonia is almost similar to that of the /5i of

EDA. This means that Cu^^ needs three ammonia ligands to be as stable as

Cu^^ complex with one EDA ligand. This enhanced stability of the EDA complex

is due to stable chelate ring formation, which is the coordination between the

metal ion and a multidentate ligand. Thermodynamically, the entropy of the

chelated complex (EDA) is higher than that of the nonchelated complex

(ammonia) and the stability of the metal ion complex is enhanced by the

formation of the chelate ring.®^ The increases in D' values from the PA resin as

the length of the amine ligand increases, indicates that this maybe attributed to

an increase in ligand length, not the total number of nitrogens in the resin

sample. For the amine resins, the D' values for metal ions other than Cu^"^ were
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hard to be compare in terms of length of amine because the extent of

complexation was extremely low and without much difference.

Table 2.7 also indicates that all amines have higher selectivity for Cu^^

over Cd^^, Co^^ and Pb^". The complexation stability constant (Bi) of ammonia

with Cu^^ is 10^ times greater than Cd^"^ or Co^". The of EDA with Cu^" is 10®

times greater than Cd^* and Co^" and 10® times greater than Pb^". This explains

the fact that is complexed with amines readily even though other metal ions

are poorly complexed with amines.

2. The Bifunctional Effect

The incorporation of phosphonic acid groups in amine resins allowed for

the preparation of bifunctional resins. The effect of increasing the length of the

polyamine evident with the monofunctional resins is evident here as well. Most

significant, however, is the observation of synergism under certain conditions

where both groups operating together complex more metal than either one alone.

Ion exchange ability by the phosphonic acid ligand and coordination by the amine

ligand cooperate as a dual mechanism for metal ion complexation. In synergistic

solvent extraction, the combination of certain pairs of extractants gives enhanced

complexation for certain metals relative to what could be calculated based on the

distribution coefficients of each extractant alone.^ For example,

thenoylfluoroacetate(HTTA)-tributylphosphate (1:1) solution showed the
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synergistic enhancement in zinc with D values of 10"^ times higher than HTTA

and 10^ higher than tributylphosphate.

Comparisons of the metal ion complex abilities of the amine,

aminophosphonic acid and phosphonic acid resins quantified in Tables 2.8.1,

2.8.2, 2.8.3 and 2.8.4 show the first clear examples of the bifunctional effect. As

a general statement, the results indicate synergistic complexation for Cd^" by all

of the bifunctional aminophosphonic acid resins (i.e., regardless of

microenvironment) and with all of the metal ions for all the bifunctional resins

within the MMA microenvironment (though, for Cu^", this is pronounced only with

the PA/PhA and EDA/PhA resins). For the remaining conditions, the bifunctional

resin performed like the monofunctional amine or phosphonic acid resin,

depending on which had the higher affinity for the metal ion. For example, within

the STY microenvironment, the bifunctional resin behaved like the EDA, DETA

and TEPA resins when complexing Cu^* and like the phosphonic acid resin when

complexing Pb^" (the PA resin has such a low affinity for Cu^", that the

bifunctional resin behaves more like the phosphonic acid resin for this metal

though some synergism maybe evident).

Cadmium shows the most evident bifunctional effect. For example, it is

complexed by the EDA(VBC) resin to 26% (D' value of 3.5) and to 49% (D' value

of 9.7) by the PhA resin, but the bifunctional resin complexes 98% Cd^^ (D' value

of 490) which far exceeds the combined D' values of the monofunctional resin.

Additionally, Eu^ shows a strong synergistic interaction with the three

4S
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polyamine/PhA resins In the STY microenvironment: while the DETA (VBC

/STY) resin has 8.2% complexed (D' value of 1.8) and the PhA resin has 2.3%

complexed (D' value of 0.5), the DETA/PhA resin complexed 91.8% Eu^ (D'

value of 224).

3. The Microenvironmental Effect

The different polymer matrices supporting the ligands affect complexation

of the metal. This microenvironmental effect is the influence of inert groups

adjacent to the main ligand on the interaction between the ligand and the

substrate. As shown in Tables 2.8.1~4, the same ligands contacted with the

same metal ion show different complexing abilities depending on whether they

are immobilized on VBC, VBC/STY or VBC/MMA copolymers. The fully

functionalized phosphonic acid resin either outperforms the resins with the STY

microenvironment (for Cu^"^, Cd^"^ and Eu^) or gives results that are comparable

(for Pb^""); the lowest level of complexation is in the MMA microenvironment for

the divalent ions though the MMA resin outperforms the STY resin with Eu^.

Whereas there is no significant microenvironmental effect with any of the amine

resins, this is not the case for the aminophosphonic acid resins. It is clear that a

microenvironmenal effect exists. For Cd^"^ when interacting with the PA/PhA

resins with the fully functionalized resin outperforming the MMA resin which, in

turn, outperforms the STY resin. The same trend is evident with Eu^ interacting

with PA/PhA resin. The microenvironmental effect is less important with the other
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ions and with remaining two resins. Why Cd^"^ should more sensitive to the

microenvironment and why the bifunctional PA and EDA resins should display

this effect and not the other amines is the object of continuing investigation .

In order to show that the poor metal ion complex ability of the PA and

PA/PhA in VBC/SP^ resins are caused by its hydrophobicity, smaller size bead

(0.045-0.075mm) of PA and PA/PhA resins were examined. These beads were

contacted with Cu^*, Pb^^ and Eu®* ion in pH5 acetate buffer solutions and the

results are summarized in Table 2.9. Generally, the percent complexed

increased somewhat with the smaller size of the resins, with Eu^ showing a

large increase from ~3% to ~80% with the PA/PhA resin. This indicates that the

poor performance of the VBC/STY resin is due to the presence of hydrophobic

styrene which limits ionic accessibility. The smaller beads have higher surface

area and the ligands are thus more accessible to the metal ions.

4. Counter Ion Effect

In this research, all metal ion solutions are made from nitrate salts in pH 5

sodium-acetate buffer solution. Two anions, acetate and nitrate, are always

present with the metal ions and are thought to affect metal ion complexation. It

was reported that the anion can influence the selectivity when coordination is the

sole mechanism of complexation.^ In the study of Cu(N03)2 with polymer-

supported imidazole in pH 5 acetate buffer solution, it was found that the acetate

ion is brought into the polymer matrix along with the Cu^"^ ion because Cu(0Ac)2
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has a higher formation constant than Cu(N03)2.®®'^ The effect of coexisting

counter anions (Br", Cr, 804^'. SOa", CH3COO" and etc) on the extraction of rare

earth metal ions (Lu®^, Ho^, La^, Eu^^and etc) using styrene-vinylbenzene

copolymer containing CYANEX 272 was studied/"* In the metal study with

poly(amido-amine) resin, it was reported that the metal ion complexation was

affected by the nature and concentration of counterions in the aqueous phase. ̂

In the present research, the amount of acetate ion is far greater than

nitrate ion and the results are applicable to it as the counter ion.

Conclusions

The various lengths of ethyleneimine and phosphorylated ethyleneimine

ligands were incorporated into 2% cross-linked VBC, VBC/STY and VBC/MMA

polymer matrices and their ability to complex with metal ions was evaluated. A

bifunctional effect has been identified. The aminophosphonic acid resins showed

better results than amine or phosphonic acid resins generally. A

microenvironmental effect was also identified for the complexation of Cd^"^ by

ligands in fully functionalized STY and MMA matrices. The nature of the ligand,

bifunctionality, the microenvironmental can be used to affect separations of

targeted metal ions from other ions. Having established the experimental results,

further research will have to establish the theoretical foundation of these results.
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CHAPTER 3

Immobilization of Ligands on Crosslinked Polymers via the Mannich

Reaction

Introduction

Poly(glycidyl methacrylate) polymer (GMA) and its derivatives have been

studied for ion exchange applicability/®'^ While most commercial ion-exchange

resins^ show slow kinetics due to their hydrophobicity and poor selectivities for

metal ions, hydrophillic GMA polymers have better kinetics as well as the

possibility to introduce numerous ligands via a ring opening reaction of the epoxy

group. N,N'-bis(2-benzimidazolmethyl)amine resin immobilized on GMA

polymer'® showed better kinetic performance than the same ligand on

polystyrene®®.

Resins containing amine groups have a number of applications such as

immobilization of biologically active compounds and as ion exchangers.®^ GMA

polymers have been reacted with various amines including ammonia,

hydroxyalkyamine, aminoalkylamine, imidazol and pyrazole."®^®® The amine

ligands show good metal ion complexing ability. Immobilization of

ethylenediamine and iminodiacetic groups onto GMA-ethylenedimethacrylate

copolymers produce resins selective for Ag^ and Hg^".®^ GMA polymers with

azole-containing amine ligands are reported to show high selectivity for Cu^^ over

other divalent transition metal ions.®® The pyrazole-containing ligand, 5-(3,5-

57



dimethylpyrazol-1-yl)-3-thiapentyl amine, was found to be selective for at pH

6 and for Cd^"" and Zn^* ions at pH<2.5.®® The 2-(aminomethyl)pyridine ligand

anchored onto GMA-ethylene giycol dimethacrylate copolymer shows good

selectivity for from a large excess of Zn^^ Triethylenetetramine and

methylphosphonic acid groups were introduced onto GMA polymers and showed

selectivity in the order of Cu^" >Zn^'' > Ni^* > Co^" > Ca^* >

The reactivity of the epoxide in GMA is affected by the solvent, the

reactants' nucleophilicity, the temperature, etc.®® In the reaction with amines

(RNH2), the type and size of the substituent R as well as the basicity of the

amines affect the reaction rate.®^ The type of comonomer in the GMA copolymer

was also found to affect the reactivity of the epoxide ring.®® An increase in the

reactivity of the epoxide ring of the glycidyl acrylate-acrylonitrile copolymer was

observed due to an interaction between the amino and nitrile groups.®^

The Mannich reaction is the condensation reaction of amines,

formaldehyde and a compound containing an active hydrogen with an acid or

/

R-H + CH2O + H-N ̂

(Mannich base)

base catalyst. Interest in the Mannich reaction has increased since its first study

in 1942 ®^ and numerous studies have been reported. The great reactivity of

Mannich bases produces numerous other compounds, which can lead to various

applications.®®'®^ One of the most important applications is pharmaceutical uses
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including antineoplastic drugs, analgesics and antibiotics.^'^ They are also

applied in fine chemicals®^, polymers®®, antifoulants®®and fuel additives^®.

The versatility of Mannich bases comes from the diversity of the

functional groups in Mannich condensates. For example, in epoxy applications,

the phenol groups in Mannich condensates have advantages in terms of

providing further active sites. Phenol-containing compounds such as poly(p-

vinylphenol) or 2,3,6-tris(dimethylaminomethyl)phenol can function as epoxy

curing accelerators.^®^

In recent years, the Mannich bases have been applied to polymer

chemistry, especially paints and surface-active agents.®® Cationic flocculants

used in paper manufacture was prepared by the Mannich reaction of

polyacrylamide with dimethylamine and formaldehyde.^®® Phenolic resin

obtained from the Mannich reaction of polyphenol with formaldehyde and amine

was applicable as a corrosion-resistant coating material that also prevented

discoloration.''®^ A water-soluble Mannich base resin for use in electrocoating

was prepared by the reaction of bisphenol diepoxide with formaldehyde and

amine.'®®

The Mannich reaction can be carried out in both acidic and basic

conditions. The two types of catalysts in the Mannich reaction give rise to the

different mechanisms.®^ The mechanisms with diethylmalonate (DEM) in acid

and base are illustrated in Figure 3.1. In the acid catalyzed reaction, the iminium

ion is formed as an intermediate from the reaction of aldehyde and amine. The
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Mechanism of Mannich Reaction
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active-hydrogen compound reacts as an end and electrophilic attack of the

iminlum ion on the enol takes place. In basic medium, the reactant is thought to

be a hydroxymethylamine and the active hydrogen compound reacts as a

carbanion.

The aim of this research is to phosphoryiate a primary amine ligand

immobilized onto crosslinked polystyrene beads using active hydrogen

compounds, tetraisopropylmethylene diphosphonate (TIPP) and

triethylphosphonoacetate (TEPAc) under Mannich reaction conditions.

Exploratory runs were done with diethylmalonate (DEM). Comparative

phosphorylations were carried out with formaldehyde and phosphorous acid

(PhA). Due to the hydrophilicity of the latter system, that reaction was also run on

amine immobilized on 2% DVB crosslinked GMA polymers.

Variables including the amount of acid catalyst, reaction time and reaction

temperature identify mild reaction condition.

Experimental

Polvfolvcidvl methacrvlate)

The 2% DVB cross-linked poly(glycidyl methacrylate) (GMA) was

prepared by suspension polymerization. An organic phase containing GMA,

AIBN and DVB was combined with an aqueous phase containing

poly(vinylalcohol), sodium chloride and distilled water, then heated to 90°C. The
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beads were washed with distilled water, soxhiet extracted with dioxane and dried

in a 60®C oven.

Reactions of GMA polvmer with nitroaen-containinQ compounds

The GMA polymer was reacted with four different compounds : p-

nitrophenol, sodium p-nitrophenoxide, aniline and ethylenediamine (Figure 3.2).

The GMA polymer was reacted with a ten-fold stoichiometric excess of each

compound in aqueous medium either at room temperature or at 80°C. The

products were characterized by nitrogen capacity.

Phosphorylations of aniline and ethylenediamine GMA polymers were

achieved by the reaction with phosphorous acid, formaldehyde and acid catalyst

either at room temperature or with heating. The beads were washed with

distilled water and characterized by nitrogen and phosphorus capacity.

Mannich Reactions

A 2% DVB cross-linked VBC primary amine resin (PA) was reacted with

four different active hydrogen compounds: diethylmalonate (OEM), tetra

isopropyl methylene diphosphonate (TIPP), triethylphosphonoacetate (TEPAc)

and phosphorous acid (PhA). A nine-fold stoichiometric excess of each active-

hydrogen compound was reacted with the resin. Many experimental sets that

varied in terms of the catalyst amount, reaction time and reaction temperature

were attempted and the products were characterized by nitrogen capacity. The
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NH2

anlne

OH

ir
phosphorylation

+ NH2\^^NH2 ^ Vc-O'-'^Vy^NH''^^
etl^lenediamme

T

phosphoiylation

Figure 3.2

Reactions of GMA Polymers
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structures of the four different active hydrogen compounds are illustrated in

Figure 3.3.

Results and Discussion

GMA Resins

The progress of the each reaction can be evaluated by the nitrogen

elemental analysis of the products since all the products contain nitrogen.

According to the results in Table 3.1, nitrophenol seems a poor nucleophile for

GMA attack both at room temperature and at 80°C. The reaction of sodium p-

nitrophenoxide gives a good nitrogen capacity (63% functionalization) when it is

carried out at 80°C but the reaction did not go at room temperature. The aniline

reaction shows good results, achieving over 77% functionalization not only at

room temperature but at 80°C also. The reaction with ethylenediamine (EDA)

was performed only at room temperature because the reaction with heating had

been performed successfully earlier (Chapter 2). The ethylenediamine (EDA)

product shows a nitrogen capacity 66% of the theoretical value. All theoretical

nitrogen capacities of aminated GMA compounds were calculated based on the

assumption of 1:1 (GMAiamine) reaction ratio.

The two GMA polymers aminated by aniline and EDA at room

temperature were phosphorylated with phosphorous acid. The properties of

these phosphorylated products are summarized in Table 3.2. The
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Figure 3.3

Active Hydrogen Compounds Used in Mannich Reaction
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phosphorylation of the aniline:GMA polymer was not successful both at room

temperature and with heating, giving very low phosphorus capacities.

The EDAiGMA polymer could be phosphorylated comparatively well

when it was heated, but the reaction did not take place at room temperature. Not

all nitrogens in the EDA resin were phosphorylated in MH-2-233. but a 1.6:1 ratio

of nitrogen to phosphorus capacity was achieved.

Mannich reactions

The purpose of the control reactions is to find the ideal reaction time,

catalyst amount and lowest reaction temperature as possible, maintaining the

maximum extent of reaction. The extent of reaction can be measured by the

nitrogen capacity of the products since they all contain nitrogen. After completion

of the reaction, the nitrogen capacity per g polymer should be decreased to 1.92

milliequivalents/g from the original nitrogen capacity, 4.40 mequiv/g, of the

primary amine resin (MH-2-244, 0.180-0.250mm).

According to Table 3.3, in the first reaction set with DEM in which the acid

catalyst amount was varied, not much difference in nitrogen capacity was found

when using 0.1 to 0.5ml acid. With 0.1ml acid catalyst maintained, reaction time

and temperature were then controlled. An 80°C reaction temperature gave

results that were remarkably independent of reaction time though, in retrospect, it

would have been interesting to determine what the results would have been with

a 0.5 h reaction time. The lowest temperature that we could get reaction was
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Table 3.3

Primary amine Polystyrene-Based Gel Reaction with Diethylmalonate(DEM)

resin H2SO4 rxn time rxn temp N cap(mequiv/g)

MH-2-250® 0.1 ml 16 hrs 80X 2.92

0.25
It II

2.70

0.5
It II

2.97

1.0
II II

3.13

MH-2-260® 0.1 2 80 2.56

M

4
II

2.79

§i

8
n

2.84

n
24

II

2.88

n
48

II

2.88

MH-2-268® H

8 60 2.88

//

8 40 3.99

n

24 r.t 4.27

MH-2-272® fi

8 50 3.56

H

24 40 3.42

MH-2-281" It

9 60 2.95

u

25 50 2.69

^ bead size 0.180-0.250mm, theoretical nitrogen capacity: 1.92 meqiv/g

" bead size 0.075-0.150mm, theoretical nitrogen capacity; 2.53 meqiv/g
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60°C at 8 hours (MH-2-268, 0.180-0.250 mm) or 50®C at 25 hours reaction time

(MH-2-281, 0.075-0.150 mm). Reactions with smaller size beads (MH-2-281,

0.075-0.150 mm) resulted in a nitrogen capacity closer to the theoretical value

(note: the smaller size beads had a higher -NH2 capacity than the larger beads

which leads to a higher final theoretical capacity after reaction with DEM).

In Tables 3.4 and 3.5, the results of the Mannich reaction with TIPP

carried out with acid or base catalyst are summarized. When the reaction is

complete, the nitrogen capacity should decrease to 3.16 milliequivalent/g from

the original nitrogen capacity of 5.8 mequiv/g of the amine resin (MH-2-264,

0.075-0.150 mm).

The TIPP does not seem to react well with acid catalyst regardless of the

catalyst amount or reaction temperature. According to Table 3.4, all phosphorus

capacities are very low. If experimental error in the phosphorus elemental

analysis were considered, the phosphorus capacities of all reactions seem to be

almost zero, meaning no TIPP has reacted. It is thought that the TIPP cannot

form the enol, which is the intermediate in the acid-catalyzed Mannich reaction.

This is because the 2p orbital of the carbon and the 3p orbital of the phosphorus

can not overlap as much as the 2p orbitals overlap in DEM due to their size

difference.

The base-catalyzed Mannich reaction of TIPP, in which a carbanion but

no enol forms was done using the NaOH, piperidine and DABCO. As can be

seen in Table 3.5, better phosphorus capacities than in the acid-catalyzed
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Table 3.4

Primary amine Polystyrene-Based Gel with TIPP^ (Acid-catalyzed)

resin" H2SO4 rxn time rxn temp Nitrogen cap.

(mequiv/g)

Phosphorus cap.

(mequiv/g)

MH-2-286 0.1 ml 8 hrs 60°C 3:78(3.16)® 0.10(1.58)

MH-3-002 1 ml
n

80 3.40 0.29

H H

60 3.02 0.29

MH-3-010
H n

80 3.56 0.16

H II

60 3.49 0.13

^ tetraisopropylmethyiene diphosphonate

° theoretical

" bead size : 0.075-0.150 mm
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Table 3.5

Primary amine Polystyrene-Based Gel with TIPP° (Base-catalyzed)

resin" base rxn rxn nitrogen phosphorus

(g) time temp capacity capacity
(mequiv/g) (mequiv/g)

MH-3-014 0.15° 25hrs 60°C -  (3.16)' 0.73(1.58)

MH-3-016 0.26° 24
11

3.46 0.34

MH-3-018 1.54° It 11
4.59 0.18

MH-3-022-1 3.27° 22 80 5.16 0.41

MH-3-022-2 0.30'' n II
4.55 0.60

MH-3-028 0.24° II II
4.51 0.51

® tetraisopropyl methylene diphosphonate

°50%NaOH ''piperidine ®DABCO 'theoretical
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reaction were achieved but still they were far from the theoretical value. The

stronger bases, piperidine and DABCO, seem to work somewhat better as a

catalyst than 50%NaOH.

As an alternative, TEPAc, which bears both the carbonyl and phosphoryl

groups, was reacted with the amine resins with an acid catalyst. Despite the

presence of the carbonyl group in TEPAc, the results were not successful as

shown in Table 3.6. It is unclear why the reactions do not work well and this will

be the subject of the future studies.

Phosphorous acid was reacted with the amine resin using varying

conditions such as the acid amount, reaction time and temperature. The reaction

went well with sulfuric acid and it was found that most of the amine groups

reacted with two moles of phosphorous acid. The theoretical nitrogen and

phosphorus capacities were calculated based on the structures assuming a 1 ;1

N:P ratio. As can be seen in Table 3.7, ratios of 1:1.4 to 1:1.9 were achieved

under various reaction conditions. The lowest temperature to give reaction was

40°C and it gave a N:P ratio of 1:1.38 in the product.

Conclusion

The reactions of GMA polymer with aniline and ethylenediamine were

successfully achieved with or without heating. Due to the poor nucleophilicity of

p-nitrophenol, its reaction with GMA polymer could not be accomplished, but the

reaction of sodium p-nitrophenoxide succeeded when it was heated.
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Table 3.6

Primary amine VBC Gel with TEPAc^

resin H2SO4 rxn time rxn temp Nitrogen cap. Phosphorus cap.

(mequiv/g) (mequiv/g)

MH-3-080 Ur\\ sTirs 80X 3.76(2.10)'^ 0.12(2.10)

60°C 3.97 0.08

®triehtyi phosphonoacetate ° bead size: 0.075-0.150 mm ° theoretical
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Table 3.7

Primary amine VBC Gel with Phosphorous acid

resin H2SO4 rxntime rxntemp Neap. Pcap. N:P ratio

(mequiv/g) (mequiv/g)

MH-3-020 0.5 ml 16 hrs 80°C 3.15(3.39)° 5.58(3.39) 1: 1.77

1.0
II II

3.08 4.98 1:1.62

2.0
II II

2.98 4.69 1:1.57

4.0
II II

- 2.50 -

MH-3-025 0.5 2
II

3.01 5.13 1:1.70

u

4
II

2.93 5.28 1:1.80

it

8
II

2.87 5.37 1:1.87

n

24
It

2.81 5.36 1:1.90

It
47

II

2.92 5.35 1:1.83

MH-3-030 0.5 18 70 2.94 5.30 1:1.80

tt II
60 3.19 5.13 1:1.61

MH-3-042
II II

50 3.17 5.11 1:1.61

MH-3-037
II

24 40 3.34 4.60 1:1.38

II II p t n Ai

bead size : 0.075-0.150 mm theoretical
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The Mannich reactions of a polystyrene-based primary amlne resin with

DEM, TIPP, TEPAc and PhA were performed in various conditions. The DEM

and PhA were successfully bonded to amines with formaldehyde and an acid

catalyst. The reaction temperatures with DEM and PhA could be lowered to 50

°C and 40°C, respectively. TIPP was not able to react with the amine resin but is

worth studying further in the future.
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CHAPTER 4

Synthesis of Novel Polymer Llgands Using the Fries Rearrangement

Introduction

The Fries rearrangement is the acid-catalyzed conversion of a phenolic

ester into a hydroxyketone. In the early 1900s, Fries observed the rearrangement

of phenolic esters of chloroacetic acid to o- and p-chloro acetylphenols by using

aluminum chloride. There were publications^°®'^°®'^^° preceding those of

Fries that reported the rearrangement of phenolic esters under the influence of

Lewis acids. However, it was Fries who first recognized that this rearrangement

represents a general reaction.

Since the discovery of this reaction, numerous experimental studies

have been established in order to understand the mechanism of the Fries

rearrangement. Nevertheless, the mechanism has not been completely solved

and many attempts to solve the mechanism have resulted in considerable

amounts of data, among which there are some contradictions and a fair amount

of speculation about the mechanism.

The Fries rearrangement can be conducted thermally in the presence of a

Lewis acid catalyst or photochemically^^^ by irradiation with UV light. Among the

many Lewis acids, including AlCb^^^, TiCl4 SnClV^'^and ZnCb^^®, the most

common acid catalyst used is aluminum chloride. In addition, HF^^®, H3PO4
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AlCIs" NaCI ̂ ^®and BFs^^^are also found to show catalytic activity. Specific

catalysts such as a zeolite^^ and a sulfonated cation exchange resin^^^ also

have been reported.

The issue of whether the mechanism of the Fries reaction is

intermolecular or intramolecular has been argued for a long time. Skraup^^ and

Cox^^assumed the Fries reaction to involve an intermolecular process in which

an acyl chloride [1] is formed from the ester as an intermediate.

OCOCH3

Qj

OAia2 OAia2

Q + CH3CXX1

[1]

Q + HQ

COCH3

Auwers^^'* proposed that the course of the reaction is intramolecular by

the fact that a Fries reaction does not lead to the same products as those formed

in a Friedel-Crafts acylation. Friedel-Crafts acylations, which are absolutely

intermolecular reactions, generally give more para- than o/f/70-acylphenols.

However, the contrasting fact that the Fries rearrangement can lead to large

amounts of the ortho-acylphenol suggests the Fries reaction is more

intramolecular.

The current proposal for the mechanism of the Fries reaction involves

both inter-and intra-molecular paths. Para-rearrangement is thought to be an
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intermolecular reaction with the intermediate of the polarized coordination

complex of the phenolic ester [2] or the oxocarbonium ion [3]

R
+ CO •••• AICI3"
^  OA1C13-

+

COR

[2] [3]

O/tho-rearrangement is thought to proceed by an intramolecular path

wherein the intermediate is the polarized coordination complex of the ester and

aluminum chloride. Decisive evidence is furnished by the experiments of

Baltzly.^^^ m- Cresyl acetate was made to rearrange in nitrobenzene containing

diphenyl ether in two sets of experiments: one with equal amount of reactants

and the other with the same amount of reactants in 5 times more nitrobenzene.

The five-fold diluted reactant mixture resulted in a decrease in the yield of para-

hydroxy ketone from 27% to 6.5%, and acylated diphenyl ether from 20% to

2^5%. In contrast, the yield of orf/70-hydroxy ketone was maintained, and in fact,

even slightly increased from 46% to 51%. The fact that only the para- product but

not the orf/70-product was affected by dilution shows that para-rearrangement

and acylation of ether are intermolecular. It appears that o/f/70-rearrangement

proceeds by the intramolecular mechanism.
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Fries reactions typically give rise to mixtures of ortho- and para-

substituted products. The proportion of ortho- and para- products is affected by a

number of factors such as the structure of the phenolic ester, reaction

temperature, solvents and the amount of catalyst.^^^ In the Fries

reaction carried out at higher temperature, the yield of ortho-acetoxy ketone is

greater than at lower temperature when other conditions are equal. As

additional supporting evidence, 4-hydroxy-2-methylacetophenone (the para-

isomer) is found to convert into the o/frio-isomer when it is heated at 170°C with

aluminum chloride. This trend with temperature is certainly not true for all

solvents. Rearrangement of phenyl acetate with aluminum chloride at 80°C

gives an ortho-/para-product, ratio of 0.64 in nitrobenzene, 2.4 in ethylene

dichloride and 13.0 in petroleum ether. This illustrates that the polarity of

solvent influences the ortho-lpara- ratio in the Fries reaction, and more of the

para- product is formed in solvents of greater polarity. Ogata attributes the effect

of solvent on the ortho-lpara- ratio to steric hindrance by solvation.^^ In less

polar solvents in which solvation is difficult, rearrangement is predominantly

intramolecular, giving the ortho-products. In more polar solvents where solvation

is easy, the acylium ion is well solvated and attacks the least sterically hindered

para- position.

The concentration of catalyst is another feature affecting the reaction rate

and product distribution in the Fries reaction. It is known that the rate of

disappearance of the ester increases with increasing catalyst concentration until

80



the molar ratio of catalyst to ester is 2.0 and levels off beyond this ratio.^^^ This is

attributed to repulsion of the positive charges on the adjacent carbon and the

oxygen atoms in the 2:1 complex of aluminum to ester [4]. This ratio also yields

much more of the para-than the orfho-products because the orf/7o-position is

sterically hindered with the bulky aluminum complex.

Me . Me
' - I I ' - ' i.

^■^O: Al— + >0-Al

X ' X '
[4]

The purpose of this research is the synthesis of poly(acyl

hydroxystyrene) by the Fries rearrangement of poly (4-acetoxystyrene) for

application to metal ion separations. The Fries-rearranged product, poly(acyl

hydroxystyrene), is further phosphorylated. As another set of resins for the metal

ion study, the poly (4-acetoxystyrene) is hydrolyzed to give poly(hydroxystyrene),

which is then further phosphorylated. The two types of poly(hydroxystyrene)

resins are studied with Cs^ in 0.1 N and IN NaOH solutions and the other two

phosphorylated poly(hydroxystyrene) resins are studied with Cu^^, Pb^"^ and Cd^"^

in 0.1 N HNO3 solutions.
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Experimental

1. Resin Preparations

The experimental procedures of the polymerization and the

functionalizations are described below and more detail will be given in Chapter 5.

The reactions are illustrated in Figure 4.1 and 4.2.

Poly(4-acetoxvstvrene)

Poly(4-acetoxystyrene) was prepared by suspension polymerization. The

organic phase containing 4-acetoxystyrene, DVB (2 wt%) and BPO was

combined with an aqueous phase containing poly(vinylalcohol), calcium chloride

and distilled water and heated. The polymer was washed with distilled water and

acetone and soxhiet extracted with toluene. The polymer beads were oven-dried

to remove moisture and sieved.

Fries Rearrangement of Poly(4-acetoxystyrene) PAHS

Method 1 : The completely dried poly(4-acetoxystyrene) beads were

swelled in carbon disulfide for 3 hours and refluxed at SO^C with aluminum

chloride. After reflux, a solution of HOI and water(1:1) were added slowly to

break the aluminum complex. The Fries-rearranged beads were washed with

water and acetone, soxhiet extracted with dioxane and dried in a 110°C oven.

The beads were characterized by phenolic acid capacity and infrared

spectroscopy.
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pofy(4-aceto:qrslyrene)

Fries rearrangement

AICI3 mCS2
^
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AICI3 in nitrobenzene

O
II
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PAHS

Fries rearrangement

O

CCH3

OH

V ̂^^0CCH3

partialfy rearranged PAHS

phosphoiylation
lHF/NEt3

O
II

i  ClP(0Et)2

o

CCH3

/ Vo-p-OEt
^OEt

PPAHS(E)

phosphoiylation

O

CCH3
0

GEt

OB

OH

iQrdrolysis Me3SiBr

O
II

CCH3

hydrolyzed acetojQr group

^OH

PPAHS(A)

Figure 4.1

Fries Rearrangement and Phosphorylatlon
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^\-0CCH3
NH4OH
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TEIF/NRs
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t ClP(0Et)2

V V-o-^-OEt
^OEt

PPHS(E)

hydrofysis MesSiBr

PPHS(A)

Figure 4.2

Poly(hydroxy styrene) and Phosphorylation
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Method 2 ; Dried poly(4-acetoxystyrene) beads were swelled in dry 1.5M

AlCb-nitrobenzene solution for 2 hours and nitrogen purged for 30 minutes to

make sure all the moisture had been removed. After 45 hours of reflux at 70®C,

HCI/water(1:1) was added to the beads to break the aluminum complex and

washed with ethanol, distilled water, acetone and methylene chloride. The beads

were dried in the oven and characterized by phenolic acid capacity and infrared

spectroscopy.

PhosDhorvlation of Polvfacvlhvdroxvstvrene): PPAHS

The Fries rearrangement product, poly(acylhydroxystyrene), was swelled

in a solution of anhydrous THF and triethylamine for 1 hour. A solution of

anhydrous THF and diethylchlorophosphate was then added over 5 minutes into

the swelled beads while cooling in an ice bath. The reaction was performed in an

ice bath for 2 hours and at room temperature for 24 hours. The product was
\

washed with dioxane, 2% NaOH, water, ethanol and acetone and dried in the

oven.

The phosphonate ester groups of the product were hydrolyzed to

phosphonic acid groups by the reaction with trimethylsilylbromide in chloroform at

room temperature for 24 hours. The reaction is illustrated in Figure 4.1. The

products before and after hydrolysis were characterized by percent solid,

phosphorus capacity and acid capacity.

85



Polvhvdroxvstvrene: PHS

Dried poly(4-acetoxystyrene) beads (10g) were refluxed with 200 ml

ammonium hydroxide (29.7% assay) at 85®C for 7hours and washed with water

two times. Ammonium hydroxide (200 ml) was added to the washed beads and

refluxed at 85°C for 17 hours. After reflux, the beads were washed with water

three times. The same procedure was repeated one more time and the beads

were conditioned with 1L of water, IN NaOH, water, IN HCI and water until

neutral. The beads were characterized by phenolic acid capacity and infrared

spectroscopy.

Phosohorvlation of Dolvhvdroxvstvrene: PPHS

The phosphorylation of poly(hydroxystyrene) was performed in an

identical manner as the phosphorylation of poly(acyhydroxystyrene). The

phosphonate ester and phosphonic acid products were characterized by percent

solid, phosphorus capacity, phenolic acid capacity and infrared spectroscopy.

2. Metal ion studies

Metal ion solutions of Cu(N03)2, Pb(N03)2 and Cd(N03)2 in 0.1 N HNO3

and Eu(N03)3 in IN HNO3solutions were prepared. CSNO3 was also prepared in

0.1 and 1 N NaOH solutions. An amount of resins corresponding to 0.5

milliequivalent of functional group (phenolic acid capacity for hydroxystyrene

resins and phosphorus capacity for phosphorylated hydroxystyrene resins) were
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weighed and solvent exchanged with blank solutions. The resins were contacted

with 10 ml of 10"^ N metal ion solutions for 24 hours and the remaining amounts

of metal ion in the solutions were measured by atomic spectrometer. The results

were reported in terms of % complexed and distribution coefficient (D).

The poly(hydroxystyrene) (PHS) and poly(acylhydroxystyrene) (PAHS)

resins were studied with Cs^ in 0.1 and 1 N NaOH solutions. Phosphorylated

poly(hydroxystyrene) (PPHS) and poly(acylhydroxystyrene) (PPAHS) resins were

contacted with Cu^^, Pb^"^, Cd^"^ and Eu®^.

Results and Discussion

1. Synthesis and Characterization

Fries Rearrancement

The Fries reaction of poly(4-acetoxystyrene) should always be an ortho

acyl migration because the para position is blocked in the polymeric structure

(Figure 4.1). The Fries reaction was carried out in two different experimental

procedures. In method 1, AICI3 is added to the polymer in CS2. Since the Fries

reaction is very sensitive to moisture, in method 2, thel.5 M AICI3-nitrobenzene

solution was prepared and dried over molecular sieves overnight to exclude any

moisture before the reaction.

The degree of acyl transfer in the Fries rearrangement was measured by

the phenolic acid capacity. According to the results in Table 4.1, method 1 turned

out to be not as successful as method 2. Except for the first two resins (MH-2-
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217and -274), the other three Fries reactions with various bead sizes and

reaction times were not successful and their experimental acid capacities were

far from the theoretical value. For the purpose of completing the Fries reaction,

the partially Fries rearranged polymers were re-reacted with AlCband excellent

phenolic acid capacities were achieved as shown in Table 4.2.

Evidence for the Fries reaction was obtained from infrared spectroscopy.

Reaction progress can be easily followed by the disappearance of the ester peak

(~1750cm'^) and the appearance of the ketone peak (1650~1690 cm'^) in the IR

spectra. The products from method 2 show much larger peaks of ketone than

ester. The IR's of MH-088 and -091, which are the second Fries reaction

products, indicate almost 100% completion of the reaction (Fig. 4.3-4.6).

Phosphorylation of polv(acylhydroxystyrene)

The Fries rearranged poly(acylhydroxystyrene) was phosphorylated to

phosphonate ester (PPAHS(E)) and hydrolyzed to phosphonic acid (PPAHA(A))

(Figure 4.1). The characterization results are summarized in Table 4.3 and 4.4.

The theoretical phosphorus capacity of the PPAHS(E) was calculated based on

the precursor's (PAHS) experimental phenolic acid capacity. After complete

phosphorylation of the hydroxy groups in PAHS, the phenolic acid capacity of

PPAHS(E) should be zero. The phosphorus capacity of MH-2-278 showed the

phosphorylation was successful. However, its phenolic acid capacity was 3.19

millieqivalent/g. This unusually high phenolic acid capacity is thought to occur
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because the precursor of MH-2-278, MH-2-274, is actually partially Fries-

rearranged and many of the unrearranged acetoxy groups still remain. The

acetoxy groups may be hydrolyzed during the phosphorylation reaction. This is

illustrated in Figure 4.1. This assumption can also be supported by the

characterization results of PAHS(A) (Table 4.4).

The phenolic acid and regular acid capacities are meant to be different

(regular acid capacity is for the characterization of phosphonic acid groups and

the phenolic acid capacity is for the hydroxy group in the styrene). However, the

experimental phenolic acid and regular acid capacity of the PPAHS(A) resin

showed the same value. It seems that either acid capacity includes both the

phenolic and phosphonic acid capacities together. After completion of the

hydrolysis of the ester groups, the acid capacity of the phosphonic acid group

should be double the phosphorus capacity, but the acid capacity of PPASA(A)

showed a higher value than expected. This higher acid capacity is thought to

come from the hydrolyzed acetoxy groups in polymer.

Polvfhvdroxvstvrenel and ohosohorvlation

The properties of poly(hydroxystyrene) prepared by hydrolysis of poly(4-

acetoxystyrene) (Figure 4.2) and the phosphorylated poly(hydroxystyrene) are

reported in Table 4.5. Successful hydrolysis (82% functionalized) from poly(4-

acetoxystyrene) to poly(hydroxystyrene) was accomplished according to the

phenolic acid capacity of PHS resin. The low phenolic acid capacity (0.83
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mequiv/g) of phosphorylated poly(hydroxystyrene) (PPHS(E)) indicates almost

completed phosphorylation of the hydroxy groups. The phosphorus capacity was

in good agreement with the theoretical value. The hydrolyzed PPHS(A) also

showed good phosphorus and acid capacities.

2. Metal ion studies

A large amount of radioactive Cs"^ produced from nuclear processing has

been stored in huge tanks for a long time. Thus, the removal of Cs^ from water is

important and the proper polymeric ligands for the complexation with Cs" needs

to be studied.

The poly(hydroxystyrene) (PHS) and poly(acylhydroxystyrene) (PAHS)

resins were contacted with Cs^ in 0.1 and IN NaOH and the results are

summarized in Table 4.6. The PHS showed higher complexing ability than

PAHS in IN NaOH, but neither of the two polymers shows good complexation

with Cs". Compared to the PHS resin, PAHS (MH-274) showed low

complexation ability. The acyl groups adjacent to the hydroxyl groups in PAHS

do not seem to help the complexation of hydroxyl groups with Cs^.

The phosphorylated poly(acylhydroxystyrene) (Table 4.7) and

poly(hydroxystyrene) (Table 4.8) were also contacted with Cu^"^, Pb ̂^and Cd^".

The PPHS(A) shows better complexation with all metal ions than PPAHS(A). Due

to the low degree of functionalization of PPAHS(A) resin, the D values of

PPAHS(A) were very low even with the comparatively good % M complexed.
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Conclusion

A series of experiments have been performed in order to achieve the

Fries rearrangement on the polymer. Unlike in small molecule analogues, the

Fries reaction in the polymeric system is affected by many factors including

polymer particle size, rigidity of polymer matrix, solvent and so on. The complete

removal of moisture from the reaction and the proper selection of solvent are

crucial in the Fries rearrangement. Further metal ion studies using the

completely Fries-rearranged PAHS need to be done in the future.
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CHAPTER 5

EXPERIMENTAL PROCEDURES

Copolymer Synthesis

Every copolymer was synthesized by suspension polymerization with

2%DVB crosslinking and was microporous (gel). All chemicals are reagent grade

from Aldrich unless otherwise noted.

PolyCvinylbenzyl chloride) (VBC)

The organic phase was prepared by thoroughly mixing 286.09g VBC,

11.1g DVB (55.4% purity) and 3g benzoyi peroxide(BPO). This solution was

sparged with nitrogen for five minutes to remove dissolved oxygen. The aqueous

phase was prepared by dissolving 1.44g pharmagel and 158.25g distilled water.

Once dissolved, a solution containing 17.85g poly(diallyldimethylammonium

chloride) (PADMAC) in 316.5g distilled water was added and mixed thoroughly.

The pH was adjusted to 10.3 using 50% NaOH and the aqueous solution was

sparged with nitrogen for 10 minutes. The aqueous phase was transferred to a

1000ml round bottom flask which was equipped with a condenser, nitrogen inlet,

thermometer with therm-o-watch (a temperature control device) and overhead

stir apparatus. The height of the stir blade was adjusted so the top edge was just

above the organic layer. The stir motor was started from low stir speed and
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increased to the proper speed for proper bead size (stir speed of 390 rpm for

beads that sieve between 40 and 60 mesh screens). The stir motor was then

turned off for one minute, the bead size was visually inspected and the stir speed

adjusted accordingly. This "on/off" cycle was repeated two additional times. The

reaction was heated to 80°C over a period of two hours corresponding to an

increase of 7°C every 15 minutes. The reaction was further heated at 80°C for 10

hours. In order to finish-off the polymerization, approximately 100ml of distilled

water was added and the mixture was allowed to reflux with stirring for two hours.

Once cooled, the solution was removed using a glass frit filter tube. The beads

were washed with lO"* N HCI while stirring for 15 minutes and then washed with

water three more times. The beads were Buchner dried, soxhiet extracted with

toluene for 17 hours, placed in a drying dish, and allowed to air dry prior to

sieving.

Poly(vinylbenzylchloride-co-styrene) (VBC/STY, 0.18/0.82)

The 2% cross-linked VBC/STY beads were prepared in a manner

identical to that of VBC described above. In the organic phase, 69.66g VBC and

216.56g styrene were added instead of VBC. The rest of the procedure was

performed as with the VBC gel.
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Poly(vinylbenzylchloride-co-methyl methacrylate) (VBC/MMA, 0.18/0.82)

The 2% cross-linked VBC/MMA beads were prepared the same way as

VBC except for the organic phase : 71.71g VBC and 216.6g MMA were added as

monomers with DVB and BPO in the organic phase.

Poly(4-acetoxystyrene)

The 2% crosslinked acetoxystyrene beads were prepared in a manner

identical to that of the VBC with the following exceptions. (This is for the

preparation of 10g of beads). In an aqueous phase, 0.42g polyvinylalcohol(PVA),

6.67g CaCl2'2H20 and 26.67g distilled water were added. The organic phase

contained 9.5g 4-acetoxystyrene, 0.2g DVB and 0.3g BPO. The reaction was

heated at 60 °C for 30 minutes, 70 °C for 30 minutes, 80 °C for 1 hour and 85°C

for 12 hours. The reaction as further heated at 100°C for 2 hours.

Poly(glycidyl methacrylate) (GMA)

The 2% cross-linked GMA polymer was prepared in a manner identical to

that of the VBC with the following exceptions. 19.51g GMA, 0.42g DVB and

0.16g AIBN (azobisisobutyronitrile) were added in the organic phase and 0.45g

PVA (polyvinylalcohol), 4.2g NaCI and 92.5g of distilled water were used in the

aqueous phase. The reaction was heated at 50°C for 30 minutes, 60°C for 30

minutes, 70°C for an hour and 80°C for one hour. The reaction was continued at

90°C for 5 hours.
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Functionalization of Copolymers

Gabriel Synthesis (primary amine resins)

VBC beads (8 g, 0.052 mo!) were swelled in 80 ml of dimethylformamide

(DMF) overnight. Next day, 40g (0.216 mol) of potassium phthalimide in 320 ml

DMF was added into the swelled beads in a three neck flask fitted with an

overhead stirrer, condenser and thermometer. The reaction was heated at 80°C

for 17 hours. The solution was removed from the reactor and the beads were

stirred with approximately 300ml of distilled water. The solution was removed and

washed with water two more times to make sure all the phthalimide dissolved.

The beads were solvent exchanged with methanol four times, biichner dried,

transferred into a flask with 100ml methanol, and 20ml of hydrazine with 4ml

distilled water was added. After refluxing at 65°C for 17 hours, the beads were

washed with distilled water four times and 200ml conc. HCI added for the

hydrolysis. The hydrolysis was carried out at 90°C for 17 hours and the HCI

solution was removed by a glass frit filter tube. The beads were stirred with

300ml 2N NaOH for 2 hours and washed with water four times.

Amine resins

(EDA, DETA,TEPA and PEHA from VBC, VBC/STY and VBC/MMA)

All amine resins were prepared identically. A ten fold stoichiometric

excess of the appropriate amine relative to VBC copolymer was used in each
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synthesis. In one example, 10g (0.063mol) VBC gel was weighed into a three

neck round bottom flask fitted with an overhead stirrer, condenser and stopper.

A solution of 40ml (0.6mol) ethylenediamine in 150ml dioxane was added to the

flask and the mixture was heated at reflux for 17 hours. Once cooled, the solution

was removed by a glass frit filter tube and washed with a dioxaneiwater (1:1)

solution twice and with distilled water twice. The beads were then conditioned

with 1L of water, IN HCI, water, IN NaOH and water until neutral.

Phosphorylation of Amine Resins

All phosphorylations of the amine resins were performed in an identical

manner. In one example, 4.25g (0.017 mol) of beads are weighed into a three

neck round bottom flask fitted with an overhead stirrer, condenser and

thermometer. 12ml (O.ISmol) formaldehyde(37% in water), 8 g (0.098 mol)

H3PO3 and 40 ml 20% HCI solution were added into the flask and heated at 90°C

for 17 hours. The beads were washed four times with water and conditioned with

1L water, IN NaOH, water, IN HCI and water until neutral.

Arbuzov Reaction (phosphonic acid resins)

This is the reaction of VBC, VBC/STY or VBC/MMA gel beads to give the

phosphonate ester iigand followed by hydrolysis to the phosphonic acid. 20 g of

dry VBC resin was weighed into a 500 ml three neck round bottom flask

equipped with an overhead stirrer, condenser and stopper. Approximately 300mi
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triisipropyl phosphite was added and the mixture was refluxed for 17 hours. The

excess phosphite solution was removed and 300 ml of concentrate HCI was

added followed by reflux for 24 hours. The beads were washed with water four

times and conditioned with 1L water, IN NaOH, water, 1NHCI and water until

neutral.

GMA Polymer with Nitrogen-containing compounds

The reactions of GMA polymer with p-nitrophenol, sodium p-

nitrophenoxide, aniline and ethylenediamine were carried out in an identical

manner. The reaction with p-nitrophenol was performed as follow. 0.28g (1.92

mmol) GMA polymer, 1.33g (9.57 mmol) p-nitrophenol and lOg H2O were

weighed into a flask equipped with an overhead stirrer, condenser and

thermometer. Two reaction sets were prepared for each compound. One set was

at room temperature with only stirring and the other set was heated at 80°C for

17 hours. The products were washed with methanol four times, oven dried, and

characterized by IR and nitrogen capacity.

Phosphorylation of aniline and ethylenediamine/GMA polymers

The phosphoryiations of GMA amine resins were carried in the same way

as that of the VBC amine resins in Chapter 2. The reactions were carried out at

two reaction temperaturesione at room temperature and the other with heating to

109



90 on the variac. The products were characterized by nitrogen capacity and

phosphorus capacity.

Mannich Reactions

Mannich reactions of primary amine VBC resins were performed with

diethylmalonate (OEM), tetraisopropylmethylene diphosphonate (11PP), triethyl

phosphonoacetate(TEPAc) and phosphorus acid(PhA) in identical procedures.

The reaction of DEM was carried out as follows. The primary amine VBC resin

(0.5 g, 2.202 mmol), 1.42g (17.6 mmol) formaldehyde (37% aqueous solution)

and 2.82g (17.6 mmol) diethylmalonate were weighed into a vial. The reactions

with varying H2SO4, reaction time and reaction temperature were heated in an oil

bath. The products were washed with acetone twice and distilled water twice and

dried in a 110°C oven. The beads were characterized by nitrogen capacity and

IR.

Fries Rearrangement of Poly(4-acetoxy styrene)

Method 1 : 5 g (0.029 mol) oven dried poly(4-acetoxystyrene) beads were

swelled in 50 ml CS2 for 3 hours. 20g (0.145 mol) AICI3 was added into the flask

containing the swelled beads and equipped with an overhead stirrer, condenser

and thermometer. The mixture was heated at reflux for 17 hours. After the

reaction was cooled, 80 ml of HCI/H20(1:1) solution was very slowly added into

the product to break the aluminum complex (very exothermic). The product was
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washed with distilled water twice and with acetone twice. The beads were soxhiet

extracted with dioxane for 10 hours and dried at room temperature. The products

were characterized by phenolic acid capacity and IR.

Method 2 : Oven dried poly(4-acetoxystyrene) beads (4.76 g, 0.028 mol) were

swelled in 90 ml (0.14 mol) 1.5 M AlCls-nitrobenzene solution for 2 hours. The

mixture was swept with nitrogen for 30 minutes and refluxed at 70°C for 45 hours

with a drying tube attached to the end of the condenser. After the reaction was

cooled, 80 ml of HCI/H20(1:1) solution was very slowly added to the flask to

break the aluminum complex (very exothermic). The products were washed twice

with ethanol, then distilled water, acetone and methylene chloride and dried in

the oven. The products were characterized using IR and phenolic acid capacity.

Poly(hydroxvstyrene): PHS

Poly(hydroxystyrene) was obtained by the hydrolysis of poly(4-acetoxy

styrene). 10 g poly(4-acetoxystyrene) was added to a flask containing 200 ml

NH4OH (29.7% assay) and the mixture was heated at 85°C for 7 hours. The

solution was pulled off and the beads were washed twice with distilled water,

followed by the addition of 200 ml NH4OH and reflux at 85°C for 17 hours. The

solution was pulled off and the beads were washed with distilled water three

times. These two steps were repeated one more time. The beads were washed

with distilled water and conditioned with 1 L water, IN NaOH, water, IN HCI and
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water until neutral. The products were characterized with the phenolic acid

capacity and IR.

Phosphorylation of Poly(acylhydroxvstyrene) or Poly(hvdroxvstyrene)

The phosphorylation methods of the two polymers are identical. The

hydroxy group is converted to phosphonate ester and hydrolyzed to phosphonic

acid. The reaction procedure from PHS to PPHS is described below.

Poly(hydroxystyrene) 2g was swelled in 49.3ml anhydrous THF and 23 ml

dry triethylamine in a three-neck round bottom flask for 2 hours. The swelled

beads were swept with nitrogen for 30 minutes and the flask fitted with an

overhead stirrer, condenser and addition funnel. A solution of 16 ml anhydrous

THF and 13.2 ml diethylchlorophosphate was added to the addition funnel. The

solution in the addition funnel was dropped into the flask over 5 minutes with

stirring while the flask set in an ice bath. The mixture was held in the ice bath

with constant stirring for 2 hours. The ice bath was removed and the reaction was

continued at room temperature for 24 hours. The solution was pulled off and the

beads were then washed with dioxane twice and 2% NaOH, distilled water,

ethanol and acetone each time. The beads were oven dried prior to hydrolysis.

The oven dried phosphorylated poly(hydroxystyrene) ester (PPHS(E)) (3g) was

swelled in 110ml chloroform for 1 hour and nitrogen swept for 30 minutes. 13ml

trimethylsilyl bromide was quickly added into the mixture and nitrogen introduced

for 15 minutes with continuous stirring. The nitrogen inlets in the flask were then
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replaced by stoppers and the mixture was kept stirring for 22 hours at room

temperature. The solution was pulled off from the reaction and the beads were

then washed with acetone twice and distilled water twice. The product was

characterized by the phenolic acid capacity, phosphorus capacity and IR.

Characterization Method

Percent Solids

An oven dried vial was accurately weighed on the analytical balance. Wet

resin was buchner dried at 720 mmHg for 5 minutes and accurately weighed into

the vial. The resin was dried in a 110°C oven for 17 hours. The resin was cooled

in a desiccator then weighed and the weight of the dried resin obtained.

dry wt. of sample
% solid = X 100

wet wt. of sample

Nitrooen Capacitv

A sample of oven dried resins (0.2-0.3g) was accurately weighed into a

500ml three neck round bottom flask equipped with a long jacket condenser and

two stoppers. 0.25g CUSO4,10g K2SO4 and 25 ml conc. H2S04were added to

the flask with some boiling chips. The mixture was heated gently (variac at 50)

with a heating mantle for one hour and the heat was increased to 85 on the
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variac. The mixture was heated for an additional 16 hours until the mixture

became a transparent light blue. After cooling, the inside of the condenser was

rinsed into the flask with a small amount of water. A stir bar and 100ml of distilled

water were added. The condenser was replaced with a distillation apparatus with

a funnel attached at the end and a 250 ml addition funnel. 50.0 ml 0.1 N standard

HCI solution was pipetted into a 600ml beaker and the beaker was placed right

below the funnel in the distillation apparatus. The funnel is placed in the HCI

solution in such a way that any gas coming off from the distillation would bubble

into the solution. 150ml 6N NaOH was transferred to the addition funnel and the

funnel was stoppered. The NaOH solution was added over 5 minutes with

stimng. With the stopcock fully open, the mixture was heated at a variac setting

of 95. The distillation was continued for an hour at which the distillate was

checked with pH paper to confirm a neutral pH. The funnel was rinsed into the

beaker with distilled water and the HCI solution was transferred to a 250ml

volumetric flask. The solution was diluted to the mark with distilled water and a

50 ml aliquot was pipetted out for the titration with 0.1N standardized NaOH

solution using bromocresol green indicator. The nitrogen capacity was calculated

using the equation:

(50ml HCI) (N HCI) - 5 (ml NaOH) (N NaOH)
nitrogen capacity =

(mequiv/g) g dry resin
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Phosphorus Capacity

A 0.020 to 0.025g sample of oven dried resin was accurately weighed

into a 125 ml Erinmeyer flask. AOQfiL 0.5M CuS04and 10ml conc. H2SO4 were

added and the mixture was heated on a hot plate setting at 5 for two hours. The

mixture was cooled to room temperature at which time 75ml H2O and 2.0g

K2S2O8 were added. The mixture was heated for another two hours on the hot

plate setting at 3. The solution was cooled and 50% NaOH solution was added

slowly with stirring until it turned light brown. A 2% H2SO4 solution was added

until the solution was clear again and checked with pH paper to ensure the

neutrality of the solution. The solution was transferred quantitatively to a 100 ml

volumetric flask and diluted to the mark with distilled water. A 25 ml aliquot was

transferred to a 50 ml volumetric flask to which 10 ml vanadate-molybdate

solution was added. The solution was diluted to the mark with distilled water and

allowed to develop for 15 minutes showing a yellow color. The absorbance was

measured on a Baush and Lomb Spectronic 21 which was zeroed at 470 nm with

a blank solution containing vanadate-molybdate solution. An absorbance and

concentration curve was generated using K3HPO4 standard and the slope and y-

intercept of the line were calculated. The phosphorus capacity was calculated

using the equation:

(absorbance) - (y-intercept)
mg P=

(slope)
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4 (mg P)
phosphorus capacity (mequiv/g) =

(30.974 mg/ meqiv) (g dry resin)

Regular Acid Capacity

A 1.0 to 1.5g sample of Buchner dried resin was accurately weighed into

a 250 ml Erienmeyer flask with a ground glass stopper. 200.0 ml of 0.1 N NaOH

standard solution was pipetted into the flask with a stir bar. The mixture was

stoppered and stirred on a multipoint stirplate at 350rpm for 17 hours. Two 50.0

ml samples were withdrawn and titrated with 0.1 N HCI standard solution with

phenolphthalein indicator. The acid capacity was calculated using the equation:

(ml NaOH) (N NaOH) - 4 (ml HCI) (N HCI)
acid capacity (mequiv/g) =

g dry resin

Phenolic Acid Capacity

A 0.5g of Buchner dried resin was accurately weighed into a 250 ml of

round bottom flask. 25ml IN NaOH standard solution was pipetted into the flask

and total weight of the flask containing resin and solution was recorded. The

flask was set in a rotary evaporator and all solvent was evaporated off. The flask

was placed on a balance and water was added to the weight of the original
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solution. A 10ml aliquot was withdrawn and titrated with 0.1 N HCI standardized

solution. The phenolic acid capacity was calculated using the equation:

(25 ml NaOH) (N NaOH) - 2.5 (ml HCI) (N HCI)
Phenolic Acid Capacity =

(mequiv/g) g dry resin

Chlorine Capacity

A oven dried sample of 0.05- 0.8 g was accurately weighed into a metal

capsule of the Parr-Bomb and an amount of mineral oil was added so the total

weight of resin and oil was approximately O.Bg. 5 ml 5% NaaCOs was added to

the bomb cylinder and swirled to ensure complete wetting of the inside surface.

The capsule was placed in a capsule holder and a 10 cm nickel alloy fuse wire

was threaded through the bomb stem holes to make a loop. The bottom of the

wire was allowed to touch the sample-oil mixture without touching the capsule.

The capsule assembly was then placed into the cylinder while keeping the

bleeder open. A security cap was then screwed on the cylinder. The bleeder was

closed and attached to the oxygen tank with high pressure tubing. The bomb was

filled with oxygen to a pressure of 30 atm and was then degassed with the

bleeder. This step was repeated twice to remove any trace of gases other than

oxygen. The bomb was filled with oxygen again and connected to a bomb ignition

unit. After the connection, the bomb was then placed in a water bath and ignited.

The bomb was held in the water bath for 15 minutes then removed and dried.
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The pressure of the bomb was released by opening the bleeder very slowly. The

solution was quantitatively transferred to a 400 ml beaker. The inside of the

cylinder was then washed into the beaker with nanopure water. The solution in

the beaker was then filtered into a 250 ml volumetric flask and diluted to the mark

with nanopure water. Two 25 ml aliquots were transferred to 125ml Erienmeyer

flasks and 3 ml 3M HNO3 added to neutralize the carbonate. 10 ml 0.0500 N

AgNOs was added to each aliquot and another two clean 125ml Erinmeyer flasks

(for standardization of the NH4SCN). The flask containing aliquots were then

placed on a hot plate and allowed to come to a boil to coagulate the precipitate.

The solution was then cooled to room temperature in a dark place, filtered and

washed with a small amount of 0.01 N HNO3 into clean 125 ml Erinmeyer flasks.

The filtrate was titrated with standard NH4SCN solution using 3 ml FeNH4(S04)2

solution as an indicator. The blank containing AgN03 was titrated also to

standardize the NH4SCN. The chlorine capacity was calculated in mequiv/g.

Chlorine capacity (mequiv/g)

10 [(ml AgN03) (N AgN03) - (ml NH4SCN) (N NH4SCN)]

g dry resin
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Infrared Spectroscopy

IR spectra were obtained using a Bomen MB100 FT-IR spectrometer. An

oven dried polymer sample was ground to a fine powder with KBr at a polymer:

KBr ratio of 1 : 5 and the sample was pressed into a pellet.

Metal ion Studies

An amount of resin (one mequiv. of functional group) was weighed into a

vial and solvent exchanged four times with a solutions at the pH to be studied.

The resin was contacted with 10"* N metal ion solution for 24 hours and the

solution was filtered. All metal ion solutions were analyzed using a Perkin-Elmer

3100 atomic absorption/emission spectrometer. The parameters used in

spectroscopy are listed in table 5.1.
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Table 5.1

Atomic Absorption (AA) / Emission (AE) Spectroscopy Parameters

Metals mode wavelength flame

AA 324.7 nm air/acetylene

+
CM

.Q
Q-

AA 283.3 nm air/acetylene

AA 228.8 nm air/acetylene

o

+

AA 357.9 nm air/acetylene

AA 240.7 nm air/acetylene

Eu^* AE 459.4 nm N20/acetylene

+
OC
O

AE 852.1 nm N20/acetylene

120



LIST OF REFERENCES

121



1. Hodge, P.; Sherrington, D. C., Eds., Synthesis and Separations Using

Functional Polymers, Wiley, New York, 1988

2. Hirai, H.; Toshlma, N., Tailored Metal Catalysts, leasawa, Y., Ed.;

Reudel; Dordect, 1986

3. Marhoi, M. Ion Exchange Resins in Analytical Chemistry, Svehia,

G.,Ed.: Elsevler: Amsterdam, 1982; Compr. Anal. Chem. 14

4. (a) Relchenberg, D., In Ion exchange; A Series of Advances, Ed.; Dekker;

New York, 1966, Vol. 1 (b) Diamond, R. M.; Whitney, D.C., in Ion exchange:

A Series of Advances, Marinsky, J. A., Ed.; Dekker; New York, 1966, Vol. 1

(c) Helfferich, F., Ion Exchange. McGraw- Hill, New York, 1962

5. (a) lllman, D. L, Chem. Eng. News 1993, 71 (25),9 (b) Reed, D. T.;

Tasker, I.R.; Cunane, J. C.; Vandergrift, G. P., Environmental Restoration

and Separation Science, in Environmental Remediation] ACS Symposium

Series 509, American Chemical Society,; Washington, DC, 1992, Chapter 1

6. Ritcey, G. M.; Ashbrook, A. W., Solvent Extraction: Principle and Applications

to Process Metallurgy, part i, Elsevier; Amsterdam, 1984

7. Walsh, D. J.; Crosby, P.; Dalton, R. P., Polymer, 1983, 24, 423

8. (a) Lindsay, D.; Sherrington, D. C.; Greig. J. A.; Hancock, R. D., React.

Polym, 1990,12, 59 (b) Kratz, M. R.; Hendricker, D. G., Polymer, 1986,

27,1641

9. (a) Alexandratos, S. D.; Quillen, D. R.; Bates, M. E., Macromolecules, 1987,

20,1191 (b) Trochimczuk, A. W.; Alexandratos, S. D., J. Appl. Polym. ScL,

122



1994, 52,1273 (c) Alexandratos, S. D.; Hussain, L. A., Ind. Eng. Chem.

Res., 1995, 34, 251

10. Inczedy, J. Analytical Applications of Ion Exchangers, Pergamon

Press, Oxford, 1966.

11. Akelah, A., Br. Polym. J., 1981,107.

12. Adams, B. A.; Holmes, E. J., J. Soc. Chem. Ind. (London), 1935, 54, IT

13. D'Alello, G. P., U.S. Pat. 2,366,007 (1942)

14. Strelow, F. W. E.; Rethemeyer, R.; Bothama, C. J. C., Anal. Chem., 1965,

37,106

15. Boyd, G. E.; Vaslow, P.; Lindenbaum, 8., J. Phys. Chem., 1967, 71,2214

16. Alexandratos, 8. D.; Crick, D. W., Ind. Eng. Chem. Res., 1996, 35, 635

17. Gorshkov, V. 1.; Sverdlov, I. 8., Zh. Fiz. Khim., 1975, 49, 2724

18. Parrish, K.; Sumitomo, H., Polymer. Bull., 1978,1,121

19. Phillips, R. J.; Fritz, J. 8., Anal. Chem., 1978, 50, 1504

20. Purukawa. J.; Kobayashi, E.; Wakuri, T., Polym. Prep. Amer. Chem. Soc.

Div. Polym. Chem., 1979, 20,179

21. (a) Mimura, K.; Tada. H., Japan Patent no. 47.891, (1975) (b) Marhol, M.;

Beranova. H.; Cheng, K. L., J. Radioanal. Chem., 1974, 21,177 (c) Allum,

K. G.; Hancock, R. D.; Pitkethly, R. C., Ger. Offen. 2,051,458 (1971)

22. Egawa, H.; Sugahara, K., Kogyo Kagaku Zasshi, 1971, 74,1026

23. (a) Yang, R.; Marinsky, J. A, J. Phys. Chem., 1979, 83, 2737 (b) Nadind,

M., J. Inorg. Nucl. Chem., 1971, 33, 3905

123



24. (a) Sasaki, T.; Asakawa, 0.; Korosawa, M.; Mizushima, M.; Nakazono, T,

Bull. Chem. Soc. Japan, 1980, 53,1867 (b) Melby, L. R., J. Am. Cham.

Soc.,1975, 97, 4044

25. Tagagi, M.; Ueno, K., in Top. Cum. Chem., 1984, 121

26. Irving, H.; Williams, R. J., J. Chem. Soc., 1953, 3192.

27. Shriver, D. F.; Atkins, P.; Langford, C., Inorganic Chemistry, 2"^

ed., W.H. Freeman and Company, New York, 1994, p266.

28. Pearson, R.G., J. Chem. Educ., 1968, 45, 581, 683.

29. Blasius, E.; Bronzio, B., in H.A. Flascka and A.J. Barnard Eds.,

Chelates in Analytical Chemistry, Vol. 1, M. Dekker, New York,

NY, 1967, p49.

30. D'Alelio, G. F.; Hofman, E. T.; Zeman, J. R., Macromol. Sd.

Chem., 1969, A3, 959.

31. (a) Eger, C.; Anspach, W. M.; Marinsky, J. A., J. inorg. Nuci. Chem.,

1968, 30,1899. (b) Eger, 0.; Marinsky, J. A.; Anspach, W. M., J. Inorg.

Nucl. Chem.,1968, 30,1911.

32. (a) Kennedy, J.; Davis, R. V., Chem. Ind., 1956, 378, 39 (b) Kennedy, J.;

Ficken, G. E., J. Appl. Chem., 1958, 8, 465.

33. Warshawsky, A., Angew. Makromol. Chem., 1982,109/110,167

34. Guyot, A., React. Polym., 1989, 10,113

35. Allcock, H. R.; Lampe, F. W., Contemporary Polymer Chemistry, Ed.;

Prentice-Hall, 1990, Chapter 12,13

124



36. Kobayashi, S.; Tokunoh, M.; Saegusa, T., Macromolecules, 1985,18,2357

37. Egawa, H.; Sugahara, K., Kogyo Kagaku Zasshi, 1971, 74,1206.

38. (a) Saegusa, T.; Ikeda, H.; Fuji, F., Polym. J., 1972, 5,108. (b) Saegusa,

T.; Ikeda, H.; Fuji!, F., Macromolecules, 1973, 6, 808.

39. Kobayashi, S.; Hirosh, K.; Tokunoh, M; Saegusa, T, Macromolecules, 1987,

20,1496

40. Shepherd, E. J.; Kitchener, J. A., J. Chem. Soc., 1957, 86.

41. Nonogaki, S.; Makishima, S.; Yoneda, Y. Phys. Chem., 1958, 62, 601

42. Saegusa, T.; Kobayashi, S.; Yamada, A. Macromolecules, 1975, 8, 390.

43. Egawa, H.; Saeki, Kogyo Kagaku Zasshi, 1971, 74, 772.

44. Chanda, M.; Rempel, G. L. Reactive Polymers, 1993,19, 213.

45. Egawa, H.; Nonaka, T., J. Appl. Polym. Sc/., 1986, 31,1677.

46. Yokoyama, T.; Kikuchi, A; Kimura, T.; Suzuki, T. M., Bull. Chem. Soc.

Japan. 1983, 56, 463

47. Nishide, H.; Deguchi, J.; Tsuchida, E., Chem. Lett., 1976,169

48. Kamshybaev, A. A; Abdiev, K.; Moldabekov, Sh. M.; Bekturov, E. A;

Kudaibergenov, S.; Besterekov, U. B.; Aidarova, S. B., U.S.S.R.

Pat. 1,535,603 (1990)

49. Ziegler, M.; Ziegler, L.; Winkler, H., MIkrochlm. Acta., 1970, 6,1312

50. Fujimori, K., J. Polym. Scl., 1985, 23,169.

51. Shriver, D. F.; Atkins, P.; Langford, C., Inorganic Chemistry, 2"^ ed., W.H.

Freeman and Company, New York, 1994, p264.

125



52. Cotton, F. A.; Wilkinson, G., Advanced Inorganic Chemistry, ed.,

Interscience, New York, 1962. p.45,47

53. Huheey, J. E., Inorganic Chemistry, 3''^ ed., Harper&Row, New

York, 1983, p530.

54. (a) Egawa, H.; Nonaka, T.; Ikari, M., J. Appl. Polym. Sci.,1984, 29, 2045.

(b) Egawa, H.; Nonaka, T.; Nakayama, M., ind. Eng. Chem. Res.,1990, 29,

2273.

55. Alexandratos, S. D.; Crick, D. W.; Quillen, D. R., Ind. Eng. Chem. Res.,

1991,30, 772

56. Kennedy, J.; Lane, E. S.; Robinson, B. K., J. Appl. Chem., 1958, 8, 459.

57. Walsh, E. N.; Beed, T. M.; Toy, A. D., J. Am. Chem. Soc., 1956, 78,4455

58. Egawa, H.; Yamabe, K.; Jyo, A., J. Appl. Polym. Sci., 1994, 52,1153.

59. Sundell, M. J.; Pajunene, E. O.; Hormi, O. E. O.; Nasman, J. H., Chem.

Mater., 1993, 5, 372.

60. Agett, J.; Udy, D. J., Inorg. Chem., 1984,121.

61. Harmon, H. D.; Peterson, J. R.; McDowell, W. J., J. Inorg. Nucl. Chem.,

1976, 38, 155.

62. Alexandratos, S. D.; Trochimczuk, A. W.; Horwitz, E. P.; Gatrone,

R. C. J. Appl. Polym. Sci., 1996, 61, 273.

63. Alexandratos, S. Wilson, D. L., Macromolecules, 1986,19, 280

64. Crick, D. W, PhD Dissertation, University of Tennessee, Knoxville, 1994

126



65. Alexandratos, S. D.; Bates, M.; Walder, A. J.; McDowell, W. J., Sep. Sci.

Techno!., 1988, 23, 1915

66. Alexandratos, S. D.; Miller, D. Macromolecules, 1996, 29, 8025.

67. Deratani, A.; Darling, G. D.; Horak, D.; Frechet, J. M. J. Macromolecules

1987, 20, 767.

68. Alexandratos, S. D,; Grady-Ciaccio, C.; Beauvais, R., Reactive Polymers,

1993,19, 137.

69. March, J., Advanced Organic Chemistry, New York; McGraw-Hill, 1977, 2"^^

Ed., p426

70. Marcus, Y.; Kertes, A. S., Ion Exchange and Solvent Extraction of Metal

Complexes, Wiley-lnterscience, 1969, p815-817

71. Scruggs, R. L; Kim, T.; Li, N. C., J. Phys. Chem., 1963, 67, 2194

72. Fujuta, H.; Yanagida, 8.; Okahara, M., Anal. Chem., 1980, 52, 869

73. S. Kotrly and L. Sucha, Handbook of Chemical Equilibria in Analytical

Chemistry, Ellis Norwood. Chichester, 1985.

74. Ide, S.; Haraguchi, T.; Hatanaka, C.; Yamada, K.; Isomura, K.; Takehara, K.;

Hatate, Y., Kitakyushu Kogyo Koto Senmon Gakko Kenkyu Hokoku, 1998,

31, 157

75. Pesavento, M.; Soldi, T.; Riolo, C.; Profumo, A.; Barbucci, R., Environ. Prot.

Eng., 1991,16,49

76. Walenius, M; Flordin, P., Br. Polym. J., 1990, 23, 67

77. Svec, F.; Hrudkova, H.; Horak, D.; Kalal, J., Angew. Makromol. Chem, 1977,

127



63. 23

78. Sahni, S. K.; Reedijk, J., Coord. Chem. Rev., 1984, 59,1

79. Verweij, P. D.; Dugue, T.; Driessen, W. L.; Reedijk, J.; Rowatt, B.

Sherrington, D. C., React. Polym., 1991,14, 213

80. Sahni, 8. K.; Driessen, W. L; Reedijk, J., Inorg. Chim. Acts., 1988,154,141

81. Svec, F.; Kalal, H.; Zveriniva, H., Chem. Prum.,^972, 22, 502

82. van Berkel, P.M.; Punt, M.; Koolhaas, G. J., A. A.; Driessen, W. L; Reedijk,

J.; Sherrington, D. C., React. Funct. Polym., 1997. 32,139

83. van Berkel, P.M.; van der Slot, S. C.; Driessen, W. L; Reedijk, J.;

Sherrington, D. C., Eur. Polym. J., 1997, 33, 303

84. Svec, P.; Kalalova, E..; Tlustakova, M.; Kalal, J., Angew. Makromol. Chem.,

1980, 92, 133

85. (a) Verweij, P. D.; Driessen, W. L.; Reedijk, J.; Rowatt, B.; Sherrington, D.

C., React. Polym., 1990,13, 83 (b) Verweij, P. D.; van der Geest, J. S. N.;

Driessen, W. L.; Reedijk, J.; Rowatt, B.; Sherrington, D. C., React. Polym.,

1992,18, 191

86. van Berkel, P.M.; Driessen, W. L.; Parlevliet, F. J.; Reedijk, J.; Sherrington,

D. C., Eur. Polym. J., 1997, 33, 129

87. Lindsay, D.; Sherrington, D. C.; Greig, J. A.; Hancock, R. D., React.

Polym., 1990,12, 75

88. Mseda, H.; Yoshida, H., Kenkyu Hokoku-Kumamoto Kokyo Daugaku, 1989,

14,153

128



89. Cupples, A. L.; Henry, L, Advan. Chem. Sen, 1970, 92,173

90. Kakurai, T.; Toshida, E.; Noguchi, T., Kokyo Kagaku Zasshi, 1968, 25,413

91. Iwakura, Y.; Kurosaki, T.; Imai, I., Makromol. Chem., 1965, 86, 73

92. Blicke, F. P., in Organic Reactions, vol.1, J. Wiley and Sons, New York,

1942, p. 303

93. Tramontini, M.; Angiollni. L.; Ghedini, N., Polymer, 1988, 29, 771

94. Leigh, D. A.; Linnae, P.; Jackson, G., Tetrahedron Lett., 1993, 34/35, 5639

95. Dimmock, J. R.; Ragahavan, 8. K.;Logan. B. M.; Bigam, G. E., Eur. J.

Med. Chem., 1983,18, 249

96. Flick, K.; Frankus, E.; Friderichs, E., Arzneim. Forsch., 1978, 28,107 and

114.

97. Thompson, B. B., J. Pharmacol. Sci., 1968, 57, 715

98. (a) Butler, G. B.; Hong, 8. H., J. Macromol. Sci. Chem., 1987, A24, 919

(b) Angiollni, L.; Ghedini, N.; Tramonyini, M., Polym. Common., 1985, 26,

218

99. Roling, P. V.; Niu, J. H. Y.; Reid. D. K., U. 8. 3,868,329 (1975)

100. Jamois, M.; Tessier, M.; Marechal, E., J. Polym. Sci., Part A : Polym.

Chem., 1993, 31, 1941

101. May, 0. A,, Epoxy Resins, Chemistry and Technology, Marcel Dekker, Inc.,

New York, 1988

102. Baffa, M. M.; Bull. C. H., U.S. 4,659,779 (1987)

103. Pelton, R. H., J. Polym. Sci.; Polym Chem. Ed., 1984, 22, 3955

129



104. Inoe, Y.; Sato, K.; Tashiro, F., Jpn Kokaki Koho, JP Pat. 07,062,048 (1995)

105. Sekamakas, K.; Shah, R., U.S. 4,312,799 (1982)

106. Fries, K.; Finck, G., Ber., 1908, 41, 4271

107. Fries, K.; Pfaffendorf, W., Ben, 1910, 43, 212

108. Bialobrezeski, M; Nencki, N., Ben, 1897, 30,1776

109. Dobner, O., Ann., 1871, 210, 249

110. Eykmann, J. F., Chem. Weekblad, 1904,1, 453

101. (a) Kobsa, H., J. Org. Chem., 1962, 27, 2293 (b) Anderson, J. C.; Reese,

C. B., J. Chem. Soc., 1963,1781 (c) D. Bellus, Adv. Photochem., 1971,

8,109

112. Tiwari, S. S.; Tripathi, B. N., J. Indian Chem. Soc., 1954, 31, 841

113. Yoshimo,T.; Kijima, I.; Hashimura, I., J. Chem. Soc. Japan, 1954, 57, 898

114. Ralston, A. W.; Segebrecht, E. W.; McCorkle, M. R., J. Org. Chem., 1942,

7, 522

115. Shah, N. M.; Joshi, G. C., Current Sci. (India), 1951, 20, 234

116. Dann, O.; Wylius, G., Ann., 1954, 587, 1

117. Snyder, H. R.; Elsron, C. T., J. Am. Chem. Soc., 1956, 77, 364

118. Bruce, D. B.; Srrie, A. J. S.; Thomson, R. H., J. Chem. Soc., 1953, 2403

119. Meerwein, H., Ben, 1933,13, 90

120. Pouilloux, Y.:Gnep, N. S.; Petrot, G., J. Mol. Catal., 1987, 40, 231

121. Hooking, M. B., J. Chem. Technol. Biotechnol., 1980, 30, 626

122. Cox, E. H., J. Am. Chem. Soc., 1930, 52, 352

130



123. Skraup, S.; Roller, K., Ber., 1924, 57, 2033

124. (a) von Auwers, K.; Mauss, W., Ber., 1928, 61,1495 (b) von Auwers, K.;

Mauss, W., Bar., 1928, 464, 293

125. Olah, G. A., Friedel-Craft and Related Reactions, Intersclence; New York,

1964, vol.3, pp 502-511

126. Baltzly, R.; Phillips, A. P., J. Am. Chem. Sac., 1948, 70, 4791

127. Baltzly, R.; Phillips, A. P., J. Am. Chem. Sac., 1954, 77, 2522

128. (a) Baltzly, R.; A. Bass, J. Am. Chem. Sao., 1933, 55, 4292

(b) Rosenmund, K.W.: Schnurr, D., Ann., 1928, 460, 56

129. (a) Ralaston, A. W.; McCorkle, M. R.; Segebrecht, E. W., J. Org. Chem.,

1942, 6, 750 (b) Briggs, T. I.; Button, G. G. S.; Merler, E., Can. J. Chem.,

1950, 34, 851

130. (a) Marey, A. P.; Badder, F. G.; Awad, W. I., Nature, 1953,172,1186 (b)

Szekeres, L.; Karsay, B., Gazz. Chlm. Ital., 1947, 77,471

131. (a) Cullinane, N. M.; Evans, A. G.; Lloyd, E. T., J. Chem. Sac., 1956, 2222

(b) Cullinane, N. M.; Edwards, B. F. R., J. Chem. Soc., 1957, 3016

(c) Cullinane, N. M.; Bailey-wood, V. V., Rec. Trav. Chlm., 1959, 78, 440

132. (a) Ogata, Y.; Tabuchi, H., Tetrahedron, 1964, 20,1661

(b) Cullinane, N. M.; Edwards, B. F. R., J. Chem. Sac., 1958, 2926

131



APPENDIX

132



T
a
b
l
e
 6
.
1
.
1

Me
ta

l 
Io
n 
Up

ta
ke

 o
f 
Cr
(N
03
)3
 fr
om
 p
H
 5
 A
ce

ta
te

 B
uf
fe
r 
So
lu
ti

on
 b
y 
Am

in
e 
Re
si
ns

P
A

E
D
A

D
E
T
A

T
E
P
A

V
B
C

M
H
-
1
-
1
7
3

M
H
-
1
-
0
3
2

M
H
-
1
-
0
3
7

M
H
-
1
-
0
4
1

%
 M
 c
o
m
p
i
e
x
e
d

2
1
.
5
0
%
 (
1)

1
4
.
4
0
%
 (1

)
2
1
.
5
0
%
 r
f;

2
8
.
6
0
%
 (1

)

D
8
.
0

1
2
.
4

2
4
.
5

4
3
.
1

V
B
C
/
S
T
Y

M
H
-
1
-
2
3
3

M
H
-
1
-
1
1
0

M
H
-
1
-
1
1
6

M
H
-
1
-
1
2
0

%
 M
 c
o
m
p
i
e
x
e
d

1
6
.
8
5
%
 (0

.5
)

5
.
6
0
%
 (0

.5
)

1
1
.
7
2
%
 (0

.5
)

1
1
.
7
2
%
 (0

.5
)

D
4
.
8

3
.
0

9
.
0

1
4
.
0

V
B
C
/
M
M
A

M
H
-
1
-
2
5
3

M
H
-
1
-
1
4
2

M
H
-
1
-
1
4
6

M
H
-
1
-
1
5
0

%
 M
 c
o
m
p
i
e
x
e
d

1
6
.
8
5
%
 (0

.5
)

7
.
0
0
%
 (0

.5
)

7
.
0
0
%
 (0

.5
)

7
.
0
0
%
 (0

.5
)

D
7
.
3

3
.
7

5
.
2

6
.
6

P
A
:
 p
ri
ma
ry
 a
m
i
n
e

T
E
R
A
:
 t
et

ra
et

hy
le

ne
pe

nt
am

in
e

E
D
A
:
 e
th
yl
en
ed
ia
mi
ne

(1
):

 w
ei
gh
t 
ba
se
d 
o
n
 1
 m
eq
ui
v.

D
E
T
A
:
 d
ie
th
yi
en
et
ri
am
in
e

(0
.5

):
 w
ei

gh
t 
ba
se
d 
o
n
 0
.5
 m
eq

ui
v.



T
a
b
l
e
 6
.
1
.
2

Me
ta

l 
io

n 
Up
ta
ke
 o
f 
Co
(N
03
)2
 fr
om

 p
H
 5
 A
ce
ta
te
 B
uf
fe
r 
So
lu
ti
on
 b
y 
Am
in
e 
Re

si
ns

P
A

E
D
A

D
E
T
A

T
E
P
A

V
B
C

%
 M
 c
o
m
p
l
e
x
e
d

D

M
H
-
1
-
1
7
3

1
3
.
8
5
%

5
.
0

M
H
-
1
-
0
3
2

1
3
.
5
0
%

1
1
.
6

M
H
-
1
-
0
3
7

1
8
.
0
0
%
 f
f;

1
9
.
5

M
H
-
1
-
0
4
1

9
4
.
7
0
%
 (1

)

1
9
0
6

V
B
C
/
S
T
Y

%
 M
 c
o
m
p
l
e
x
e
d

D

M
H
-
1
-
2
3
3

0
.
0
0
%
 (0

.5
)

0

M
H
-
1
-
1
1
0

1
0
.
4
3
%
 (0

.5
)

5
.
8

M
H
-
1
-
1
1
6

1
8
.
3
6
%
 (0

.5
)

1
1
.
5

M
H
-
1
-
1
2
0

9
0
.
4
7
%
 (0

.5
)

7
7
5
.
6

V
B
C
/
M
M
A

%
 M
 c
o
m
p
l
e
x
e
d

D

M
H
-
1
-
2
5
3

0
.
0
0
%
 (0

.5
)

0

M
H
-
1
-
1
4
2

1
0
.
0
0
%
 (0

.5
)

5
.
4

M
H
-
1
-
1
4
6

5
.
0
0
%
 (0

.5
)

3
.
7

M
H
-
1
-
1
5
0

7
5
.
0
0
%
 (0

.5
)

2
6
5

P
A
:
 p
ri
ma
ry
 a
m
i
n
e

E
D
A
;
 e
th

yi
en

ed
ia

mi
ne

P
E
H
A
:
 p
en
ta
et
hy
ie
ne
he
xa
mi
ne
 

(i
):

 w
ei

gh
t 
ba
se
d 
on
 1
 m
eq

ui
v.

D
E
T
A
:
 di

et
hy
ie
ne
tr
ia
mi
ne

(0
.5

):
 w
ei

gh
t 
ba
se
d 
o
n
 0
.5
 m
eq

ui
v.



T
a
b
l
e
 6
.
 2
.
1

Me
ta

l 
io

n 
Up

ta
ke

 o
f 
Cr
(N
03
)3
 fr
om

 p
H
 5
 A
ce
ta
te
 B
uf
fe
r 
So
lu
ti
on
 b
y 
Am
in
op
ho
sp
ho
ni
c 
Ac
id
s

U
>

L
A

P
A
/
P
h
A

E
D
A
/
P
h
A

D
E
T
A
/
P
h
A

T
E
P
A
/
P
h
A

V
B
C

M
H
-
1
-
1
8
0

M
H
-
1
-
0
7
0

M
H
-
1
-
0
7
3

M
H
-
1
-
0
9
4

%
 M
 c
o
m
p
l
e
x
e
d

6
4
.
0
0
%
 (1

)
5
6
.
9
0
%
 (
1)

5
6
.
9
0
%
 (
1)

6
4
.
0
0
%
 (
1)

D
8
6

6
2

5
0

6
3

V
B
C
/
S
T
Y

M
H
-
1
-
2
8
6

M
H
-
1
-
1
3
0

M
H
-
1
-
1
3
4

M
H
-
1
-
1
3
8

%
 M
 c
o
m
p
l
e
x
e
d

1
3
.
8
5
%
 (0

.5
)

1
4
.
8
0
%
 (0

.5
)

3
3
.
2
5
%
 (0

.5
)

3
9
.
4
0
%
 (0

.5
)

D
2
.
6

4
.
5

1
8

2
3

V
B
C
/
M
M
A

M
H
-
1
-
2
7
0

M
H
-
1
-
1
5
4

M
H
-
1
-
1
5
8

M
H
-
1
-
1
6
2

%
 M
 c
o
m
p
l
e
x
e
d

4
4
.
2
4
%
 (0

.5
)

3
9
.
0
6
%
 (0

.5
)

3
9
.
0
6
%
 (0

.5
)

39
.0
6 
%
 (0
.5
)

D
3
4

2
3

2
7

2
9

P
A
:
 p
ri
ma
ry
 a
m
i
n
e

T
E
R
A
:
 t
et

ra
et

hy
le

ne
pe

nt
am

ln
e

(1
):
 w
ei
gh
t 
b
a
s
e
d
 o
n
 1
 m
eq
ui
v.

E
D
A
;
 e
th
yl
en
ed
ia
mi
ne

P
h
A
:
 p
ho
sp
ho
ni
c 
ac
id

(0
.5

):
 w
ei
gh
t 
ba

se
d 
o
n
 0
.5
 m
eq

ui
v.

D
E
T
A
:
 d
ie
th
yl
en
et
ri
am
in
e



T
a
b
l
e
 6
.
2
.
2

Me
ta
l 
io
n 
Up

ta
ke

 o
f 
Co

(N
03

)2
 fr
om
 p
H
 5
 A
ce

ta
te

 B
uf
fe
r 
So

lu
ti

on
 b
y 
Am

in
op

ho
sp

ho
ni

c 
Ac
id
s

P
A
/
P
h
A

E
D
A
/
P
h
A

D
E
T
A
/
P
h
A

T
E
P
A
/
P
h
A

V
B
C

M
H
-
1
-
1
8
0

M
H
-
1
-
0
7
0

M
H
-
1
-
0
7
3

M
H
-
1
-
0
9
4

%
 M
 c
o
m
p
l
e
x
e
d

9
1
.
0
0
%

9
4
.
7
0
%
 (1

)
9
4
.
7
0
%
 (1

)
1
0
0
%

D
4
8
9

8
3
9

6
7
2

in
fi

ni
te

V
B
C
/
S
T
Y

M
H
-
1
-
2
8
6

M
H
-
1
-
1
3
0

M
H
-
1
-
1
3
4

M
H
-
1
-
1
3
8

%
 M
 c
o
m
p
i
e
x
e
d

4
9
.
9
8
%
 (0

.5
)

9
1
.
2
6
%
 (0

.5
)

9
6
.
0
1
%
 (0

.5
)

9
6
.
0
1
%
 (0

.5
)

D
1
6
.
1

3
8
8
.
9

6
8
9
.
2

8
5
5
.
4

V
B
C
/
M
M
A

M
H
-
1
-
2
7
0

M
H
-
1
-
1
5
4

M
H
-
1
-
1
5
8

M
H
-
1
-
1
8
2

%
 M
 c
o
m
p
l
e
x
e
d

7
5
.
0
0
%
 (0

.5
)

8
5
.
0
0
%
 (0

.5
)

7
5
.
0
0
%
 (0

.5
)

8
0
.
0
0
%
 (0

.5
)

D
1
2
8
.
4

2
0
2

2
1
2

1
8
2

P
A
:
 p
ri
ma
ry
 a
m
i
n
e

T
E
P
A
:
 te

tr
ae
th
yl
en
ep
en
ta
mi
ne

(1
):
 w
ei
gh
t 
b
a
s
e
d
 o
n
 1
 m
eq
ul
v.

E
D
A
:
 e
th

yl
en

ed
ia

mi
ne

P
h
A
:
 p
ho
sp
ho
ni
c 
ac
id

(0
.5

);
 w
ei
gh
t 
ba

se
d 

in
 0
.5

 m
eq

ui
v.

D
E
T
A
:
 di

et
hy

le
ne

tr
ia

mi
ne



T
a
b
l
e
 6
.
3

Me
ta

l 
Io
n 
Up
ta
ke
 i
n 
p
H
 5
 A
ce

ta
te

 B
uf
fe
r 
So
lu
ti
on
 b
y 
Mo

no
ph

os
ph

on
ic

 A
ci
ds

Cr
(N
03
)2

C
o
(
N
0
3
)
3

V
B
C
 P
h
A
 (
MH

-1
-0

34
) (

1)

V
B
C
/
S
T
Y
P
h
A
(
M
H
-
1
-
2
5
6
)
 (0

.5
)

V
B
C
/
M
M
A
 P
h
A
 (
MH

-3
-0

02
) (

0.
5)

® %
 M
 C
om
pl
ex
ed
 
^

(1
):
 w
ei
gh
t 
ba
se
d 
o
n
 1
 m
eq
ui
v.

56
.9

0%
® 
(6

5)
"

1
3
.
8
5
%
 
(4

.5
)

3
6
.
3
4
%
 
(1

9.
4)

P
h
A
:
 P
ho
sp
ho
ni
c 
ac
id

(0
.5

):
 w
ei
gh
t 
ba
se
d 
o
n
 0
.5

 m
eq

ui
v.

4
8
.
1
4
%
 (
45
)

2
5
.
3
6
%
 (
10

.1
)

3
.
0
5
%
 (
1.
1)



Table 6.4

Standard Sieve Sizes

Sieve Number Diameter of Bead (mm)

20 0.8 4

40 0.425

60 0.250

80 0.180

100 0.150

200 0.075

325 0.045
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