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ABSTRACT 

 

SYNTHESES OF POLYMER-SUPPORTED 

AMIDOPHOSPHATES AND  

INVESTIGATING THEIR DIVALENT METAL ION AFFINITY  

 

by 

 

Amanda N. Pustam 

 

Advisor: Professor Spiro D. Alexandratos 

 Functionalized polymers are of interest because of their wide applications in areas 

of separation science, sensor design and organic synthesis. This research, divided into 

two parts, focused on designing complexants for immobilization onto polymers for the 

purpose of metal ion sequestration and secondly, for the removal of methyl-t-butyl ether  

(MTBE) from aqueous solutions.  

 In the first part of this project, the polymers investigated contained amide and 

phosphate ester groups. These functional groups were chosen as they contain 

coordination sites for metal ion chelation. The prepared polymers were characterized and 

evaluated for their divalent metal ion affinities at pH 2. Divalent metal ion affinity was 

found to follow the sequence Pb(II) > Cu(II) > Cd(II) > Zn(II) > Ni(II). The effect of a 

spacer chain between the ligand’s binding sites on metal ion affinities was investigated. 

Increasing the length of the hydrocarbon spacer elicited a decrease in metal ion affinities. 



 v 

When the spacer chain contained a donor atom, an increase in divalent metal ion affinity 

was observed compared to its absence. Some results with trivalent metal ions such as 

Fe(III), Eu(III), Al(III) were included. Uptake of these metal ions by 2-(2-

amidoethoxy)ethyl phosphate resins were about the same, although Fe(III) sorption was 

the highest. A mechanism that explained how metal ion complexation may occur was 

proposed.  

 Characteristics of polymer-supported reagents important for MTBE removal were 

identified. Polymer-supported calixarenes and polymers with p-cresol sorbed in its pores 

can be potential candidates for further studies. A procedure for plugging pores was found 

which has potential in improving separations of extraction chromatographic resins. 
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1 INTRODUCTION 

 

1.1 Background and Significance 

The selective removal of toxic metal ions from the aqueous environment remains 

a daunting task. This issue has been addressed by the development of a number of 

innovative methods for sequestering these metal ions. Some of the existing technology 

include solvent extraction, precipitation, electrodeposition, membrane separation, ion 

exchange and coordination using natural sorbents and modified synthetic materials.  

 Research in the area of metal ion separations is ongoing to meet the stringent 

environmental regulations imposed by government agencies that permit water containing 

only very low levels of toxic contaminants for human and animal consumption. 

Additionally, there is a global impetus towards a reduction of metal ion waste collected 

from any site for treatment and/or storage at landfills. This can be achieved through 

recycling and reusing the metal ion. One concern, for example, is to identify ways of 

separating trivalent lanthanides from transplutonium actinides, metals that exhibit similar 

chemical behavior.
1
 

 Pollution of water in the environment is mainly from anthropogenic sources such 

as run-off from industrial effluents. At this point, contaminants enter the groundwater and 

accumulate in the food chain.  

  The techniques mentioned above are useful for specific applications, and not 

without shortcomings. For example, while liquid – liquid extraction may be efficient for 

separations involving high concentrations of metal ions, some loss of extractant into the 

aqueous phase poses an environmental hazard. In addition to which, large quantities of 
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secondary waste would be generated through management of large quantities of diluents. 

Ion exchangers are attractive alternatives as the extractant is bound to a solid phase 

making metal ion separation simple and easy, yet they exhibit poor metal ion selectivity. 

The advent of coordination or chelating polymers since the 1950’s has allowed for the 

synthesis of ion-selective resins.
2 

Chelating polymers offer enhanced selectivity for 

separation and concentration of metal ions at trace levels
 
by forming complexes with 

specific metal ions.
3
 The varying stability constants of metal ion complexes under 

different solution conditions allow for metal ion selectivity and separations. It is found 

that chelating resin complexes often times have higher stability constants compared to 

their corresponding monomer complexes. This has been attributed to the polymer entropy 

effect (a large change in entropy due to the proximity of functional groups and the high 

local concentration of ligands within the resin) and lower dielectric constant of the resin 

matrix.
4
 Chelating resins may contain multiple or single ligating groups, such as 

iminodiacetic acid resins.
5, 6

 N-substituted hydroxylamine functionalized resins,
7 

and N-

methyl-D-glucamine resins
8, 9 

are but just a few. 

 The design of effective ligands for metal ion complexation with the objective of 

enhanced selectivity is applicable to polymer-supported reagents. A fundamental 

understanding of the mechanisms involved in selective metal ion complexation is 

therefore necessary. A study of the mechanism(s) involved in complexation of polymer-

supported reagents with some heavy and transition metal ions in particular, will be 

considered here. 
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1.2 Synthesis of polymer-supported reagents  

 These materials are most commonly synthesized by modification of a crosslinked 

copolymer with a complexing group. This method of preparation is known as post-

functionalization. Typical polymers used for modification include polystyrene, 

poly(vinylbenzyl) chloride and poly(glycidyl methacrylate). The polymers are generally 

prepared by suspension polymerization. The crosslinking molecule is usually 

divinylbenzene or ethylene glycol dimethacrylate. Polymer-supported reagents can also 

be prepared by pre-functionalization. In this method, a functional monomer (containing 

the complexing group) is prepared and then copolymerized with a crosslinking molecule 

and maybe another polymer.
10 

 

1.3 Selectivity of polymer-supported reagents 

 Selectivity is a property of some polymer-supported reagents that refers to its 

ability to complex a specific metal ion in the presence of other metal ions. Selective 

polymers are useful for applications such as water treatment, chromatographic 

separations, sensor development and metal ion recovery, as mentioned above. For 

example, the separation of low concentrations of toxic metal ions when present among 

large concentrations of innocuous metal ions, commonly found in natural environments, 

is one of the problems encountered. Economically, these resins are more efficient and can 

be used for longer periods before becoming saturated and requiring regeneration.  
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 Research in this area has benefitted from solvent extraction studies, theoretical 

studies involving molecular mechanics calculations and X-ray crystallography.
11 

Generally, metal ion selectivity in resins have been enhanced in the following ways:  

1. Immobilization of ligands with multiple coordinating sites such as bifunctional 

polymers 

2. Immobilization of low-molecular weight complexing agents, e. g. triazole 

3. Preparation of Ion Imprinted Polymers (IIP)  

4. Preparation of Reactive Ion Exchangers (RIEX) 

5. Immobilizing ligands that are biomimetically relevant 

6. Immobilizing specific donor groups through application of Pearson’s hard-soft 

acid-base theory 

7. Immobilizing macrocycles e. g. crown ethers, calixarenes, resorcinarenes 

 

1.4 Factors affecting affinity and selectivity of polymer-

supported reagents 

 Polymer-supported reagents containing different functionalities have been 

prepared and their interaction with metal ions studied. The extent of these studies varied. 

While all of the studies reported metal ion affinities, not many offered explanations of a 

possible mechanism. Before alluding to possible mechanisms related to the chemistry of 

the ligand immobilized on the polymer, it must be noted that there are several “external” 

factors found to influence metal ion affinities. For example, the speciation of the metal 

ion plays a significant role in the complexation of the metal ion to the ligand. Metal ion 

speciation is related to the solution conditions i. e. the pH of the solution as well as the 
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type of counter ions present. The polymer backbone has also been implicated as well as 

the hydrophobicity of the polymer / ligand system. A study involving polyacrylamide 

supported glycines showed that the percent crosslinking can affect metal ion specificity.
12

 

 When these “external” factors are kept constant, metal ion affinities and 

selectivities are governed by the compatibility of the ligand and the metal ion. This 

means that the properties (electronic and / or physical) of the ligand and metal ion should 

be similar. Thus, to successfully design ligands for enhanced selectivity, attention is 

given to the choice of ligand (donor group properties) and the metal ion (acceptor group 

properties) for complexation.
13

 This concept is expressed in several published reviews 

where ligands that are selective for specific metal ions are identified.
14

 It is also possible 

to correlate the selectivity for a metal ion by a ligand, against a property of that ion.  

 The Irving – Williams series is one example of a trend elicited by certain first row 

transition divalent metal ions. This trend is not unique to polymer-supported reagents but 

is exhibited by proteins and small molecules. The affinity order followed, i. e.  Mn(II) < 

Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II), is related to the stability of the metal ion 

complex formed.
15

 

 The following section introduces the metal ion properties that have been found to 

influence sorption by polymer-supported reagents, with emphasis on transition and heavy 

metals. Examples of polymer-supported reagents will be added to illustrate the metal ion 

property – selectivity relation. Note that this information is compiled based on the 

author’s interpretation of the achievement of selectivity in polymer-supported reagents 

from a literature review of resins and their metal ion affinity studies. 
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1.4.1  Ionic radius 

 Evidence for ionic size contributions in complexation was found in studies of 

small molecule complexes of metal ions, particularly in macrocyclic polydentates.
16-20 

Macrocyclic complexes coordinate metal ions by encapsulating them into their cavities. 

Hence, ionic radius in combination with metal ion polarisability (discussed in the next 

section), was found to be related to the stability of the resultant complex metal ion and 

influenced which metal ion gets complexed. In one example, the lanthanide(III) 

complexes of 1,4,7,10-tetrakis(carbamoylmethyl)-1,4,7,10-tetraazacyclodecane (TCMC) 

showed an increase in stability constants across the lanthanide series with the optimum 

stability observed for Sm(III) complex followed by a decrease to Lu(III).
21 

Metal ion 

interactions with small molecules were usually good indicators of the behavior of ions 

with ligands on a solid sorbent.
22, 23

 The following examples of some functionalized 

polymers illustrated the relation between ionic size and complex formation. 

 A lead-selective resin was obtained by immobilization of calix[4]arene 

tetracarboxylic acid on polyallylamine, PAA.
23

 The resulting resin, PAA-Calix (Figure 

1.1), exhibited the selectivity order Pb >> Cu >> Zn = Ni = Co. The maximum sorption 

of lead occurred at a pH of 4.5. Control resins of unfunctionalized PAA showed that the 

absorption behaviour of PAA-Calix was due to the calix[4]arene component and not to  

the free amino groups of the PAA. The extractant p-t-octylcalix[4]arene tetracarboxylate 

shows the same selectivity for lead as seen with the resin.  In addition to the size of the 

lead ion matching the size of the coordinating sites of the calixarene derivative, the 

polarisability of the lead ion and the corresponding oxygen-rich sites were
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Figure 1-1 Calix[4]arene tetracarboxylic acid immobilized on polyallylamine  

     (PAA-Calix)
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favorable. This was consistent with crown ether-type macrocyclic ligands which 

demonstrate similar behavior for lead ions. 

 A sandwich complex, N-(4-vinylbenzyl)-1,4,7-triazacyclononanezinc (II) was 

copolymerized in the presence of divinylbenzene.
24

 A 2 : 1 ratio of TACN : Zn
2+

  in the 

polymer matrix was obtained. This resin was then treated with 6 N HCl to remove the 

Zn
2+

 template ions. The demetallated resin was selective for Zn(II) in the presence of 

Ni
2+

, Co
2+

 and Mn
2+ 

and absence of Cu
2+

, that is, Mn
2+

< Ni
2+ 

< Co
2+ 

<<< Zn
2+

 at pH 4.5. 

The 2 : 1 ratio of TACN : Zn
2+

 described was maintained. However, when Cu(II) ions 

were present, the resin was more selective for Cu(II) compared to Zn(II) at the same pH 

(Cu(II) and Zn(II) ions have similar ionic radii). The competition between Cu
2+

 and Fe
3+

 

ions were also studied at pH 2. A high selectivity was noted for Cu(II) relative to Fe(III). 

This selectivity was attributed to the differences in ionic radii between Cu(II) and Fe(III).  

 Another similar complex was prepared with mercury ions.
25

 The demetallated 

polymerized sandwich complex of [{mono-N-(4-vinylbenzyl)-1,4,7-triazacyclononane 

(TACN)}2 Hg](OTf)2, displayed selectivity for mercuric ions at pH 2. High selectivity 

coefficients, K Hg
2+

/  M
n+

 were noted for mercury in the presence of metals with small ionic 

radii (Fe
3+

, Cu
2+

, Cd
2+

) and large ionic radii (Pb
2+

, Ag
+
). In the absence of mercuric ions, 

the demetallated resin was able to abstract small amounts of other metal ions (0.87, 41.2 

24.1 and 130.6 µmol/g Pb
2+

, Fe
3+

, Ag
+
 and Cu

2+  
ions respectively). A 1:1 ratio of TACN 

: Hg
2+

 was observed upon contacting the resin with a solution of mercury ions. This 

implied that the mercury-templated resin behaved independently of the sandwich 

arrangement possibly because of the large ionic radius of Hg
2+ 

(compared to the zinc 

templated resin). Random arrangement of TACN ligands on PS-DVB demonstrated a 
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lower selectivity for Cu
2+

, Co
2+

, Ni
2+

, Zn
2+

 and Mn
2+

 and a high selectivity for Hg
2+

. In 

summary, good selectivity for metal ions of smaller ionic radii may be achieved through 

formation of a “spatial sandwich arrangement of TACN ligands in a templated polymer 

matrix”. Note that, parameters such as softness of Hg
2+ 

ions and affinity for nitrogen 

atoms, as well as the geometry of TACN ligands were cited as possible explanations for 

the uptake of Hg
2+

 by these resins. Additionally, the large ionic radius of Hg
2+

 was 

implicated for the deviation (from sandwich-like arrangement of ligands) observed. 

  Copolymerization of styrene and uranyl vinylbenzoate in the presence of 

divinylbenzene, the crosslinking agent, and 2-methoxyethanol, the porogen, produced a 

molecularly imprinted uranyl ion exchange resin.
26

 This resin had a high capacity for 

uranyl ions upon its removal from the polymer. This polymer showed preference for 

UO2
2+

 compared to Ni
2+

, Cd
2+

, Cu
2+

, Fe
3+

 at pH 3.5. Control experiments carried out with 

a nickel-imprinted polymer and a non-imprinted polymer at pH 3.5 and 5.3, supported the 

observed selectivity and enhanced capacity. This can be explained by incompatible size 

of the cavity from nickel imprinting for the target ion, which could not be accommodated. 

In addition, the orientation of the functional groups inside the cavity may also contribute 

to recognition. This concept of ion imprinted polymers (IIP) would be discussed more 

fully in section 1.4.3.  

 A metal ion sorption study with a series of aza crown ethers immobilized on poly 

(glycidyl methacrylate-co-ethylene glycol dimethacrylate), (p(GMA-O)), and its sulfur 

thiirane analogue, (p(GMA-S)) was conducted (Figure 1-2).
27 

The ligands investigated  



 10 

   

 

 

 

 

 

 

 

 

H3C C

O

O

EH

Ln

 
 

 

E=O, S 

 

Figure 1-2 General structure of p(GMA-O) and p(GMA-S) upon immobilization 

of ligand L 
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were [15]aneNO4, [15]aneN2O3 and [18]aneN2O4 (Figure 1.3). Selectivity for Ag
+
 was 

shown for p(GMA-O)-[15]aneNO4 in comparison to Cd
2+

, Cu
2+

, Zn
2+

 from solutions of 

pH 3 through 7. The metal ion affinity of p(GMA-O)-[15]aneN2O3 resin generally 

decreased with decreasing metal ion radii: Ag
+ 

> Pb
2+ 

> Cd
2+ 

> Cu
2+

 > Co
2+

 > Zn
2+

 ∼ Ni
2+

 

(exceptions were Ag
+
 and Cu

2+
). The involvement of pendent hydroxy groups of the resin 

was implicated in the observed size selectivity. The hydroxy groups may destabilise the 

complexes of small metal ions compared to those of larger metal ions. Note that the order 

described above was not observed for p(GMA-O)-[16]aneNS4
33 

or for p(GMA-S)-

[15]aneN2O3. Resin p(GMA-S)-[15]aneN2O3 showed a reversal in the selectivity of Cd
2+

 

and Cu
2+

.  

 Different amounts of metal ions were complexed for ligands of different ring 

sizes. The effect was more pronounced for smaller ions such as Cu
2+

 and Zn
2+

, where 

fewer of these ions were accommodated by the larger cavity size of p(GMA-O)-

[18]aneN2O4 compared to p(GMA-O)-[15]aneN2O3. Uptake of larger ions such as Ag
+
 

and Pb
2+

 were found to be similar for [15]aneN2O3 and [18]aneN2O4.  

1.4.2 Metal ion polarizability 

 Polarizability, α, refers to the ability of an atom or ion to be distorted by an 

electric field.
28 

Polarizability is related to softness: atoms which hold on to their electrons 

less firmly, are more polarizable and are described as “soft”. “Hard” indicates low 

polarizability – the electron cloud of the atom is less easily deformed. According to the 

Lewis concept of acids and bases, the metal ion of a metal ion-ligand complex or 

coordination compound is the electron pair acceptor or Lewis acid while the ligand is the 

electron pair donor or a Lewis base. Soft acids prefer to coordinate with soft bases while 
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hard acids preferred hard bases. This concept of hard and soft acid and base (HSAB), 

proposed by Pearson in 1963, can be used to predict the stability of compounds.
29

  

 In 1967, Klopman correlated the HSAB theory with the frontier orbital energies 

of the reactants. When soft acids and soft bases, interact for example, the energy 

difference between the highest occupied molecular orbital and the lowest unoccupied 

molecular orbital (HOMO-LUMO) is small, so that electron transfer occurs and covalent 

bonding results.
30

 On the contrary, a large HOMO-LUMO band gap occurs in hard-hard 

interactions and bonding is electrostatic.  

 First mention of classification of Lewis acids and bases into class “a” and class 

“b” was based on their preferential binding.
 
Later, class “a” donors and acceptors were 

defined as “hard” and class “b” as “soft”.
28

 Molecules and ions of intermediate character 

were termed “borderline”.
29

 

 Polarizability is related to electronegativity of the atom, highly electronegative 

atoms are hard, for example; softness decreases from carbon to fluorine across the second  

row of the periodic table. Polarizability is also a function of atomic number / size, larger 

atoms are softer than smaller atoms of similar electronegativity. The charge on an atom 

influences polarizability: metal cations become harder as the oxidation number increases. 

Table 1-1 gives examples of metal ions and atoms / molecules categorized following the 

HSAB theory. There have been attempts made to quantify hardness/softness with some 

physical parameter(s). A parameter known as absolute hardness, η was identified.
31 

Absolute hardness was calculated from ionization potential and electron affinity values. 



 
1
4

Table 1-1 Classification of Lewis Acids
29

 

Class a or Hard Class b or Soft Borderline 

H
+
, Li

+
, Na

+
, K

+
, 

Be
2+

, Mg
2+

, Ca
2+

, Sr
2+

, Sn
2+

, Al
3+

, Sc
3+

, 

Ga
3+

, In
3+

, As
3+

, Ir
3+

, Si
4+

, Ti
4+

, Zr
4+

, Th
4+

, 

Pu
4+

, 

VO
2+

 

UO2
2+

, (CH3)2Sn
2+

, 

BeMe2, BF3, BCl3, B(OR)3, Al(CH3)3, 

RPO2
+
, ROPO2

+
, RSO2

+
, ROSO2

+
, SO2, 

R3C
+
, RCO

+
, CO2, NC

+
 

 

Cu
+
, Ag

+
, Au

+
, Tl

+
, Hg

+
, Cs

+
 

Pd
2+

, Cd
2+

, Pt
2+

, Hg
2+

, CH3Hg
+
 

Tl
3+

, Tl(CH3)3, BH3 

RS
+
, RSe

+
, RTe

+
 

I
+
, Br

+
, HO

+
, RO

+
, I2, Br2, ICN, etc. 

Trinitrobenzene, etc. 

Chloranil, quinones, etc. 

Tetracyanoethylene, etc. 

O, Cl, Br, I, R3C(?) 

M
0
 (metal atoms) 

Bulk metals 

Fe
3+

, Co
2+

, Ni
2+ 

, Cu
2+

, 

Zn
2+

, Pb
2+

, 

B(CH3)3, SO2, NO
+
 

    R = alkyl or aryl group 
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However, determination of absolute hardness for polyatomic ions would not be accurate, 

making the ranking of acids and bases according to the degree of hardness difficult. The 

following examples relate polarizabilities of Lewis acids / ligands based on Pearson’s 

theory.  

 The immobilization of mixed crown ethers containing N, S and O atoms (Figure 

1-4) on copolymers of glycidyl methacrylate and ethylene glycol dimethacrylate 

(p(GMA-O), (Figure 1-2) produced resins that were selective for Ag
+ 

over divalent 

nitrates, (Pb
2+

, Cu
2+

, Cd
2+

, Zn
2+

) for pH 1 to 6.
32

 This was pronounced in those resins 

where there were two sulfur atoms in the macrocycle, as compared to the one that 

contained one sulfur atom (Figure 1-4). Substitution of S for N or O in the ether affected 

the stability of the metal complexes formed. Results for the resin containing one S atom, 

[15]aneN2O2S, indicated that Ag
+
 uptake was pH dependent. When the corresponding 

sulfur analogues of p(GMA-O), p(GMA-S) were compared (Figure 1-2), Cu
2+

 was 

preferred among divalent chlorides, (Cu
2+

, Cd
2+

, Zn
2+

, Co
2+

, Ni
2+

), the capacity for which 

increased with increasing solution pH, and the maximum capacity for Cu
2+ 

at pH 5.5. 

Note that the selectivity for Cu
2+

 was greater when the rings contained two S atoms as 

compared to one S atom.  

 Similar results were obtained when a 16-membered azathiacrown ether (Figure 1-

5), 7-aza-1,4,10,13-tetrathiacyclohexadecane ([16]aneS4N) was immobilized on p(GMA-

O) and its sulfur analogue, p(GMA-S).
33

 The oxirane resin showed a high capacity and 

selectivity towards Ag
+
 ions were obtained in the presence of the nitrates of Cu

2+
, Zn

2+ 

and Cd
2+

 ions with low capacities of the latter metal ions. In the absence of Ag
+
, 

chlorides of Cd
2+

 and Cu
2+

 were extracted; Cd
2+

 at pH 1-2 and Cu
2+

 at pH 3-6. The high  
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affinity for soft Ag
+
 ions has been attributed to the presence of soft sulfur donor atoms on 

these resins. A substitution of the sulfur atoms of [16]aneS4N with oxygen and / or 

nitrogen were shown to decrease the stability of corresponding Ag
+
 complexes.

34 
There 

was also some influence of the lariat ether on the backbone, on the sorption of metal ions. 

 In another study, a series of N-sulfonylpolyamine chelating resins (Figure 1-6)
 

were synthesized and the sorption capacities for lead, cadmium, copper and zinc noted.
35

 

Metal sorption was studied from pH 1 through pH 7 and was at its optimum at pH 5.5 for  

Cu(II) and Zn(II), and at pH 6.0 for Cd(II) and Pb(II). In all resins, copper and zinc were 

preferred over cadmium and lead.  It was concluded that the degree of hardness / softness 

of the resins’ donating groups and the metal ion polarisability were comparable. Lead and 

cadmium are softer metal ions compared to copper and zinc. Nitrogen and oxygen are 

borderline ligands. 

 A novel chelating resin containing S, N, and O atoms (Figure 1-7) that has a high 

affinity for mercury(II) ions from a solution of mercury nitrate buffered at a pH of 5.4 

was investigated.
36

 Uptake of Hg(II) ions by poly(2-hydroxyethylmercaptomethylstyrene 

– diethanolamine) (PSME-EDA), involved both N and S atoms on the resin as 

demonstrated by X-ray photoelectron spectroscopy (XPS) analysis. This was supported 

by Hg(II) having a strong affinity to S and N electron donors. 

Vinyl 2-hydroxyethyl sulfide homopolymer and vinyl 2-hydroxyethyl sulfide-

acryl amide copolymer crosslinked with N,N-methylenebisacrylamide were studied.
37 

These polymers (Figure 1-8) were selective for Au(III), Ag(I) and Hg(II). Au(III) and  
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Figure 1-6 Structure of N-sulphonyl polyamine resins
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Figure 1-7  Structure of poly(2-hydroxyethylmercaptostyrene – diethanolamine), 

(PSME-EDA) 
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Figure 1-8 Structure of copolymer of vinyl (2-hydroxyethyl) sulfide and acrylamide 

crosslinked with methylene bisacrylamide. 
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Ag(I) were adsorbed under high acidities, i.e. 0.1 – 5 M HCl and 1 – 2 M HNO3 

respectively for the homopolymer. Metals such as copper and iron, were not adsorbed in 

appreciable amounts at pH 1 or in solutions of more than 3 M HCl. Mercury sorption was 

studied at pH 1 to pH 6 in nitrate and acetate solutions.   

1.4.3 Coordination geometry of the metal ion 

 Correlations of metal ion specificity of polymer-supported reagents and preferred 

coordination number and geometry of metal ion have been found. This relation was also 

true for small molecule chelators of metal ions such as oligomers,
38

 as well as for larger 

molecules such as proteins and transition metal ions in solution.
39

 Evidence was obtained 

experimentally from single crystal x-ray diffraction (XRD) and extended x-ray absorption  

fine structure (EXAFS) data of complexes of molecules in the solid state, or from 

computer modeling calculations of complex formation.
40

 Information from IR spectra         

was used to identify the ligands that participate in complexation by observing shifts in the 

frequencies of the bonds (those bonds that complexed the metal ion) upon complexation 

with metal ions.  

 The coordination number is defined as the number of ligand donor atoms 

connected to the central atom or ion. Coordination geometry refers to the spatial 

arrangement of the ligands around the central atom or ion. It is possible for a metal ion 

with a particular coordination number to have more than one geometrical arrangement. 

Metal ion selectivity of polymer-supported reagents can be enhanced by creating pre- 

organized binding sites or fixing the position of the binding site so that a given metal ion 

can adopt a preferred coordination number and geometry. This was best achieved through 

IIP.
41, 42 

In this process, a monomer – metal ion complex was initiated and polymerized. 
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On removal of the metal ion, “memory” of the templated ion was induced. This implied 

that the specific geometric configuration for a particular metal ion was retained. If the 

ion-imprinted polymer was now contacted with a solution of metal ions, the metal ion 

which best fits the geometric requirements of the binding site formed (i. e. the templated 

ion), will be preferentially complexed. Covalent and non-covalent interactions make it 

possible to fix binding sites and improve selectivities and stabilities of metal ion binding. 

Some examples of the above concept would be described below. The imprinted polymer 

was more selective for the templated metal ion compared to the non-imprinted polymer 

for the same metal ion. Note that there has been some implication of the size of metal ion 

correlated to the size of the cavity of the template, as shown earlier. 

 A surface-templated resin was prepared by emulsion polymerization using 

monomers, dioleyl phosphoric acid and divinylbenzene in the presence of copper acetate. 

To this mixture, L-glutamic acid dioleylester ribitol was added as a co-surfactant.
43

 The 

resulting resin was washed with 1 M HCl to remove the bound copper and then used to 

investigate the affinity of the resin for Cu(II). To further test this technique, a Zn
2+

 

imprinted polymer and a non-imprinted polymer were made and their affinity to Cu
2+

 

examined. It was found that the copper-imprinted resin removed 100 % Cu
2+

 compared to 

the reference (non-imprinted) and Zn
2+

 imprinted resin, which both sorbed about 50 % 

Cu
2+

 at pH 6.0. It was suggested that the effect of copper imprinting was to arrange the 

dioleyl phosphoric acid groups so that a desirable coordination (possibly square planar) 

around the Cu
2+

 ion was formed when they interact with Cu
2+

. This organization of 

groups was not met by the Zn
2+

 imprinted nor the reference resin which had a random 

arrangement of groups. 



 22 

 A Cu(II)-selective ion imprinted polymer, poly(ethylene glycol dimethacrylate-

methacryloylamidohistidine / Cu(II)) or p(EGDMA-MAH/Cu(II)), was successfully 

developed and studied under competitive conditions.
44

 In the presence of Zn(II), Ni(II) 

and Co(II), at pH 7 and at temperatures of 25°C, Cu(II) was preferentially sorbed. The 

ratios of selectivity coefficient were compared with imprinted and non-imprinted 

matrices: Cu
2+ 

/ Zn
2+

= 7.4, Cu
2+ 

/ Ni
2+ 

= 9.5 and Cu
2+ 

/ Co
2+

 = 12.3 times greater for 

imprinted than for the non-imprinted polymers. 

 Metal ion specific binding sites can be designed using acyclic, multidentate 

ligands. Cu(II) selectivity was obtained by synthesis and polymerization of a Cu(II)-

triethylenetetramine complex.
45

 The prepared ligand was a mono- or di-subsituted 

vinylbenzyl chloride triethylenetetramine complex (Vb-TETA or DVb-TETA) which 

could bind to Cu(II) through its nitrogen donor sites (Vb-TETA-Cu or DVb-TETA-Cu). 

Copolymerization of the copper complex with 2-ethyl-2-(hydroxymethyl)propane-1,3-

diol trimethacrylate (TRIM) created a macroporous polymer with enhanced kinetics. In 

the presence of Zn(II), the uptake of Cu(II) was unaffected. Electronic (UV-visible) 

spectra data indicated that the geometry of the Cu(II) – ligand complex was retained 

when polymerized; for the monosubstituted TETA – Cu(II) complex, a square planar 

geometry and for the divinylbenzyl - TETA – Cu(II) complex, a distortion of the planar 

geometry was observed. After several cycles of metal-ion removal / loading, the spectra 

of the polymers indicated that the binding sites of the polymers were retained.  

 Polymer-supported catechol ligands showed selectivity for Fe
3+

 at pH 1 - 3 in the 

presence of divalent (Cu
2+

, Zn
2+

, Mn
2+

, Ni
2+

, Mg
2+

) and trivalent metal ions (Al
3+

, Cr
3+

).
46
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Figure 1-9 Polystyrene-supported sulfonated catechol,  

 (PS-CATS) 
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Figure 1-10 Polystyrene-supported sulfonated 3,3-linear tris(catechol)amide,  

 (PS-3,3-LICAMS)  
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Figure 1-11 Polystyrene-supported sufonated bis(catechol) linear amide, 

(PS-2―6-LICAMS) 
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This selectivity was about 11 times greater when the ligand, sulfonated catechol (Figure 

1-9) was changed to sulfonated 3,3-linear tris(catechol) amide (PS-3,3-LICAMS), a 

ligand that was predisposed for octahedral geometry (Figure 1-10). 

 The catechol functional group was involved in metal ion chelation since the 

sulfonated and unsulfonated polymers (PS-CATS and PS-CAT) had similar selectivities 

for Fe
3+

 from aqueous solution. Immobilization of the ligand, sulfonated bis(catechol) 

linear amide (PS-2―6-LICAMS) in figure 1-11, also showed a high selectivity for 

trivalent ions. When the divalent ion affinity of PS-2―6-LICAMS, a potentially square 

planar ligand, was compared to PS-3,3-LICAMS and PS-CATS, PS-2―6-LICAMS was 

found to be the most selective for divalent metal ions, although no selectivity was 

observed with any specific divalent metal ion. Note that changing the cavity size (from 

two CH2 groups to six CH2 groups) on the linear amide chain between the two catechol 

groups in PS-2―6-LICAMS had no effect on the order of selectivity.    

 In an example where separation of Cu(II) from aqueous solutions containing 

Fe(III)
 
was desired, it was postulated that ligands which preferably permit tetrahedral 

disposition of the donor lone pairs would favor complexation of Cu(II) over Fe(III). 

Fe(III) most commonly forms 6-coordinate octahedral complexes. Chelating ligands 

based on the derivatives of a tetradentate ligand, N,N
׳
-bis(2-pyridylmethyl)-2,2

׳
- 

diaminobiphenyl, and on the derivatives of a tridentate ligand, N-(2-pyridylmethyl)-2,2
׳
- 

diaminobiphenyl, were synthesized and immobilized on chloromethylated cross-linked 

polystyrene.
47

 (Small molecule chelate complexes of the tetradentate ligand were 

prepared with Cu(II) and Pd(II)). The N-alkylated polymers (Figures 1-12 and 1-13) 

however, showed low capacity for Cu(II) and it was difficult to distinguish between  
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Figure 1-12 N-alkylated polymer of N-(2-pyridylmethyl)-2,2’-diaminobiphenyl 

(tridentate) 
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Figure 1-13 N-alkylated polymer of N, N’-bis(2-pyridylmethyl)-2,2’-diaminobiphenyl 

(tetradentate) 
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Figure 1-14 O-Alkylated polymer of N-(2-pyridylmethyl)-2,2’-diaminobiphenyl 
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Figure 1-15 O-Alkylated polymer of N, N’-bis(2-pyridylmethyl)-2,2’-diaminobiphenyl 

(tetradentate) 
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Cu(II) and Fe(III). This occurred perhaps because the N-benzyl groups were parts of the 

polymer backbone and also parts of the coordination sites so that there would be some 

distortion involved upon metal ion chelation. 

 This was  addressed by introducing a phenolic group into one of the phenyl rings 

of the ligands in the ortho, para and meta positions and immobilizing the ligand to the 

support via the –OH group (O-alkylated polymers), see figures 1-14 and 1-15. When the 

ligand were anchored in this way, polymers with considerable binding affinities for 

Cu(II) were obtained. This was dependent upon the point of attachment of the ligand to 

the polymer. Also, the tridentate polymers showed a low Cu(II) capacity when the 

polymer’s benzyloxy group was ortho to the ligand’s methylamino group compared to the 

tetradentate polymers, which displayed high affinity for Cu(II) when the ligand was 

similarly attached. There was an exception in this observation for the tetradentate 

polymers: the introduction of methyl groups ortho to the pyridine donor atoms on the ring 

reduced the affinity for Cu(II). It was questionable as to whether the methyl groups had 

an effect on the stereochemistry of the ligand or simply bulk shielding of the ion cavity. 

 

1.5 Introduction to research in this thesis 

 This research focuses on designing and investigating novel chelating polymer-

supported reagents, containing amide and phosphate ester ligands. Bifunctional polymers 

bearing these ligands have not been given much attention as regards divalent metal ion 

sorption. Related ligands such as carbamoylphosphonate (CMPO) and their derivatives 

have been widely studied for their complexing ability of lanthanides and actinides in the 

TRUEX process.
48

 Immobilization of these moieties on cavitands
49 

and macrocycles
50 
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enhanced their extraction efficiency. Various phosphate-containing ligands, for example 

tributyl phosphate (TBP) are useful extractants.
51 52 

The immobilisation of phosphorus 

groups on sorbents produced selective sorbents. Ketophosphonate resins
53, 54

, phosphonic 

acid resins
55-57

 pentaerythritol phosphate
58 

are some of the phosphorus containing resins. 

Some research has been conducted with alkyl substituted amides, such as derivatives of 

oxydiacetic acid for actinide separations.
59

 

 This project defines the components of a bifunctional ligand
60

 and then explores 

how metal ion affinities and selectivities may be enhanced. An amidophosphate ligand is 

synthesized on a polymer support. The support is a PS - 2 % DVB copolymer. The ligand 

is designed such that the binding sites for metal ion coordination are separated by a 

spacer group. The binding sites are carbonyl oxygen and phosphoryl oxygen and the 

spacer group is a series of aminoalcohols of different chain lengths. 

 The nitrate of one of the lanthanide elements, Eu(III) is considered in this work, 

and there will be some mention of the chemistry of the lanthanide. 
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2 AMIDE AND PHOSPHONATE DIESTER RESINS – SYNTHESIS 

AND METAL CONTACT STUDIES 

 

2.1 Introduction 

 Polymer-supported reagents with ion complexing groups are useful as sorbents for 

metal ion separations and preconcentration.
1, 2

 Rational design of ligands for polymer 

immobilization is essential for preparing new effective sorbents and improving existing 

materials. As is apparent in Chapter 1, much study is dedicated to ligand design: one can 

find a vast collection of polymer-supported reagents suitable for different applications.
3, 4

 

 Two monofunctional resins were synthesized. Monofunctional resins, resins 

containing one type of complexing group capable of metal ion coordination, do not 

always have a high capacity for metal ions from acidic media (e. g. pH 2.0). Generally 

however, resins that are capable of ion-exchange such as phosphonic acid resins, can 

have high and indiscriminate sorption capacities under these conditions.
5
 

 Neutral ligands, such as those used in solvent extraction studies, for example, 

phosphonate and amide type ligands can be effective metal ion complexants.
6, 7

 

Monofunctional resins bearing these ligands were synthesized. The purpose of their 

syntheses was to investigate metal uptake by resins containing neutral ligands when one 

functional group is present so as to compare them to resins in which both functionalities 

occur together. Knowledge of the interaction of these monofunctional resins with metal 

ions would be important when proposing a mechanism by which bifunctional neutral 

resins (Chapter 3) complex metal ions. 
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 Functionalization of resins is easily performed by modification of a 

poly(vinylbenzyl) chloride – 2 % divinylbenzene copolymer. This method of preparation 

of polymer-supported reagents enhances the probability of a complete reaction by 

ensuring that reaction sites would be accessible to reagents.  

   

2.2 Experimental Procedures 

 A summary of the experimental procedures is presented below. Chapter 5 

contains the complete procedures and description of the analysis techniques used in 

characterizing the resins. 

2.2.1 Synthesis of copolymers 

 Vinylbenzyl chloride (VBC) was synthesized by suspension polymerization with 

2 % divinylbenzene (DVB) as the crosslinking agent.
8 

The gel resins prepared were 

sieved with U.S. standard sieves so that the diameter of beads used was 250-425µm.  

2.2.2 Synthesis of acid chloride resin 

 This resin was prepared by chlorination of carboxylic acid resin using thionyl 

chloride.
8 

The synthesis of carboxylic acid resin from VBC - 2 % DVB copolymer 

followed a standard procedure.
2 

This resin was analyzed for its acid capacity. A chlorine 

elemental capacity was also determined. The resin was then chlorinated and the 

effectiveness of this step was examined by determination of the chlorine content. In 

addition, an acid capacity determination of the acid chloride resin upon esterification with 

methanol also confirmed whether the acid chloride step was complete. (Acid chlorides 

were found to react fully with methanol and ethanol). For example, an acid chloride resin 

having a Cl capacity of 5.0 mmol/g was found to have a negligible acid capacity upon its 
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reaction with methanol. (Note that it was difficult to accurately determine the percent 

functionalization of acid chloride resin using chlorine capacity results since the acid 

capacity of the carboxylic acid resin, the precursor resin, was 5.7 mmol/g, and not the 

theoretical value 6.2 mmol/g.) An acid capacity of zero indicated that all of the initial 

carboxylic acid groups were chlorinated, all acid chloride groups formed were esterified 

and that the ester bond was stable. The latter method was a convenient way to determine 

whether the reaction with thionyl chloride was complete. 

2.2.3 Esterification of acid chloride resin 

 About 1 g of freshly prepared acid chloride beads was transferred to a 250 mL 

round bottom flask. The flask was then set up with an overhead stirrer. Fifty milliliters of 

methanol were added and the beads stirred for 2 h. The beads were washed with water 

and filtered (3 times) before evaluating the acid capacity of the resin. This procedure was 

adopted in the washing treatment of acid chloride resins after a reaction e. g. upon 

amidation as in section 2.2.4. 

2.2.4 Synthesis of carboxamide resin 

 Acid chloride beads were reacted with diethylamine in acetonitrile at room 

temperature. Nitrogen elemental was determined for this resin. 

2.2.5 Synthesis of phosphonate ester resin  

 The Arbusov reaction was utilized to prepare this resin.
9
 Triethyl phosphite was 

used as the solvent and reactant. The resin was characterized by its phosphorus capacity.  
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2.2.6 Treatment of resins that were synthesized from acid chloride resins  

 The standard treatment employed was stirring the resin with 50 mL methanol for 

2h, filtering and then stirring with 50 mL water for 15 minutes. This treatment ensured 

that any unreacted acid chloride was esterified.  

2.2.7 IR spectroscopy of resin  

 IR spectra were obtained by preparing KBr disc of the resin sample and using a 

Bomem FTIR spectrophotometer. 

 

2.3 Results and Discussion  

2.3.1 Characterization of polymer support 

 Vinylbenzene - 2 % divinylbenzene (2 % VBC-DVB) copolymer was prepared. 

The copolymer had average chlorine capacities of 6.0 mmol/g (theoretical = 6.3 mmol/g). 

In the IR spectrum of VBC (Figure 2-1), a band at 703 cm
-1

 characteristic of C-Cl 

stretch
10, 11 

and one at 1265 cm
-1

 which was assigned to a methylene wagging mode of 

benzyl chlorides were found.
12

  

2.3.2 Characterization of carboxylic acid, acid chloride and carboxamide resins  

  Conversion of -CH2Cl groups on the polymer chain to -COOH functional groups 

was quantitative. Carboxylic acid resins were characterized by acid capacity 

determinations and IR spectroscopy. Average acid capacities of 5.7 mmol/g (theoretical 

acid capacity = 6.2 mmol/g) were obtained. The chlorine capacity of the modified 

polymer was found to be negligible, indicating that there were no available alkyl chloride 

side chains (% conversion ≥ 90 %). Conversion of the carboxylic acid to acid chloride 

with thionyl chloride was 100 % complete. This was concluded from control experiments 
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by esterification of acid chloride resin with methanol (discussed in sections 2.2.2 and 

2.2.3). It was found that alcohols such as methanol and ethanol can react completely with 

acid chlorides, forming esters at room temperature after 2 hours of contact time with 

methanol and acid chloride resin. IR spectra confirmed the preparation of carboxylic acid 

(Figure 2-2) and acid chloride resins (Figure 2-3). The locations of the carbonyl group 

stretching frequencies at 1700 cm
-1

 for the carboxylic acid and 1772 cm
-1

 for the acid 

chloride fell within the expected range of frequencies.
13, 14

 Additionally the spectrum of 

benzoyl chloride showed C=O stretches at 1763 cm
-1

 and 1724 cm
-1

, which compared 

well with those found in the acid chloride resin spectrum at 1772 cm
-1

 and 1733 cm
-1

.  

 Reaction at the carbonyl group was enhanced by conversion of carboxylic acid to 

acid chloride group. Substitution of –Cl by diethylamine to produce the carboxamide 

(Figure 2-4) occurred readily, with a nitrogen capacity of 3.40 mmol/g indicating that the 

resin was 83 % functionalized (based on N capacity). The IR spectum of the carboxamide 

resin indicated a C=O stretch at 1626 cm
-1

 (Figure 2-5). Another band at 1718 cm
-1

 can 

be the C=O of an ester, possibly as a result of unreacted acid chloride reacting with 

methanol for 2 hours. Note that the standard treatment of washing acid chloride resins 

after a reaction such as amidation, involved removal of the reactants and stirring the resin 

with methanol by stirring for 2 h. Any hydrolysis of unreacted acid chloride can be 

avoided (section 2.2.3). Table 2-1 gives the elemental analyses results of carboxylic acid, 

acid chloride and carboxamide. 
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Figure 2-1 VBC - 2% DVB gel copolymer IR spectrum
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Figure 2-2 FTIR spectrum of carboxylic acid resin. 
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Figure 2-3 FTIR spectrum of Acid chloride resin  
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Figure 2-4 Structures of carboxylic acid, acid chloride and carboxamide resins
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Table 2-1 Elemental analysis of carboxylic acid, acid chloride and carboxamide of a sample of resins 

 

Resin code 

(AP #) 

Functional group Acid capacity, 

mmol/g 

Actual 

(theoretical) 

Nitrogen capacity, 

mmol/g 

Actual (theoretical) 

Chlorine capacity, 

mmol/g 

Actual 

(theoretical) 

a
% solids 

5-045 

 

-COOH 5.68 (6.30) N. A. 0.00 48.3 

5-053 

 

 5.71 N. A. N. D. 52.3 

5-091 

 

 5.99 N. A. 0.00 46.4 

      

3-139 -COCl 

 

N. A. N. A. 4.55 (5.78) N. A. 

3-191 

 

 N. A. N. A. 5.42 N. A. 

3-204  

 

N. A. N. A. 4.94 N. A. 

3-221  N. A. N. A. 4.34  N. A. 

 

      

4-299b -C(O)N(C2H5)2 

 

0.07 (0.00) 3.86 (4.10) N. D. 73.1 

5-001ª  

 

0.28 3.40 N. D. 66.3 

  (
a 
% solids = g dry/ g wet × 100) 

 N. A. = not applicable 

 N. D. = not determined 
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 Figure 2-5 FTIR spectrum of carboxamide resin (AP 5-001a)
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 Attempts were made to prepare the carboxamide by refluxing acid chloride beads 

with N, N-dimethyl formamide.
15

 However, high acid capacities and lower N capacities 

were obtained. Figure 2-4 illustrate the structures of carboxylic acid, acid chloride and 

carboxamide resins. 

2.3.3 Characterization of phosphonate diester resin 

 The Michaelis-Arbusov reaction was used for the introduction of the phosphonate 

group. Near-theoretical phosphorus capacities were obtained with an average phosphorus 

capacity of 3.71 mmol/g (theoretical = 3.94 mmol/g, see Table 2-2). This resin has a P=O 

functional group at 1234 cm
-1

 and P-O stretches at 1054, 1024 and 964 cm
-1

 as shown in 

Figure 2-6. 

 

Table 2-2 Elemental analysis of phosphonate diester resin 

Resin code 

(AP #) 

P cap., mmol/g 

Actual (Theoretical) 

Acid cap., 

mmol/g 

 

% 

solids 

4-274 3.90 (3.94) 

 

0.00 72.7 

4-282 3.57 

 

0.08 68.6 

4-042 

 

3.81 0.09 69.4 
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P OEt

OEt
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Figure 2-6 Phosphonate diester resin 
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Figure 2-7 Representative FTIR spectrum of phosphonate diester resin (AP 4-042) 
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2.3.4 Metal contact study results 

 Tables 2-3 and 2-4 show the metal contact study results of carboxamide and 

phosphonate diester resins at pH 2.0, with divalent and trivalent ions respectively. The 

results were expressed in terms of percent metal ion complexed and distribution 

coefficient (D) values. The percent metal ion complexed referred to the amount of metal 

ion on the resin compared to initial amount of the metal ion in solution used, expressed as 

a percentage, while the D values are defined as the ratio of the number of millimoles of 

metal ion on the resin per gram of resin to the number of millimoles of metal ion in the 

solution per mL of solution. The results indicate that resins containing either ligand alone 

do not have high affinities for metal ions. Carboxamide resins have similar affinities for 

divalent and trivalent metal ions. Although phosphonate diester resins have low affinities 

for divalent and trivalent metal ions, larger amounts of trivalent ions are complexed 

compared to divalent ions. 

 The ability to complex metal ions is related to the basicity of the complexing 

group.
16 

The carbonyl oxygen of amides and phosphoryl oxygen of esters have low 

basicity and hence are not good complexants on their own.
17, 18 

The phosphoryl group is a 

stronger complexant and the higher affinity for trivalent metal ions may be due to the 

charge density of the ion. Higher charge density of ions allows for stronger interactions.
19

 

2.4 Conclusions 

 The results indicate that neutral resins containing one coordinating site per ligand 

(either carbonyl or phosphoryl oxygens) are weak complexants at pH 2.0. The 

competition for a proton is stronger and so the ligand prefers this acceptor. Adjusting the 

background solution to higher pH’s may result in higher sorption.  



 

 

5
0

 

 

Table 2-3 Divalent metal ion study results of carboxamide and phosphonate diester resins from 1×10
-4

 N metal nitrate solutions in 

a background solution of 0.01 N nitric acid 

 

 Pb(II) 

 

Cd(II) Cu(II) Ni(II) Zn(II) 

Resin 

code 

AP# 

Functional 

group 

%
a
 

complexed 

D
b
 % 

complexed 

D % 

complexed 

D % 

complexed 

D % 

complexed 

D 

5-001a, 

4-299b 

-C(O)N(CH3)2 

carboxamide 

 

4.63 

 

1.34 2.70 

 

0.78 4.55 

 

1.28 2.95 

 

0.82 2.50 

 

0.88 

4-274, 

4-282 

-P(O)(OEt)2 

phosphonate 

ester 

 

8.43 

 

2.65 5.08 

 

1.77 4.37 

 

1.25 2.15 

 

0.61 5.78 

 

1.66 

 
a
% M

n+
 complexed = {([M

n+
(aq)]initial – [M

n+
(aq)]equilibrium) /[M

n+
(aq)]initial} × 100 

b
D =([mmol M

n+
]resin/gresin)/([mmol M

n+
]soln/mLsoln) 
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Table 2-4 Trivalent metal ion study results of carboxamide and phosphonate diester resins from 1×10
-4

 N metal nitrate solutions 

in a background of 0.01 N nitric acid. 

 

 Eu(III) Fe(III) Al(III) 

Resin code 

AP# 

Functional 

group 

% 

complexed 

D % 

complexed 

D % 

complexed 

D 

5-001a, 4-299b -C(O)N(CH3)2 

Carboxamide 

 

4.87 

 

1.37 1.90 

 

0.52 0.00 

 

0.00 

4-274, 4-282 -P(O)(OEt)2 

phosphonate 

ester 

 

24.4 

 

9.33 39.9 

 

18.1 21.8 

 

8.18 
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3 PHOSPHORYLATED AMIDOALCOHOL AND OTHER 

BIFUNCTIONAL RESINS – SYNTHESES AND METAL ION 

CONTACT STUDIES 

 

3.1 Introduction 

 Multifunctional resins contain more than one complexing group. These resins 

have been given significant attention over the past decades because of improved metal 

ion selectivities and capacities. The complexes formed are more stable than those formed 

with monofunctional resins as the metal ion can coordinate to more than one ligand or 

binding site forming a chelate or ring. 

 Molecules containing multiple coordinating sites may cooperate to enhance metal 

ion complexation. Some common examples of neutral molecules that behave in this 

manner are carbamoylmethyl phosphine oxide (CMPO),
1 

carbamoylmethyl phosphonates 

(CMP)
2 

and malonamide derivatives.
3, 4

 In the first two molecules, carbonyl oxygen and 

phosphorus oxygen are the coordinative sites, while malonamide molecules contain two 

carbonyl oxygens for complexation. These molecules are widely used as extractants for 

separations of waste containing trivalent lanthanides and actinides from highly acidic 

media.
5 

Their superiority over monodentate ligands arise because of their unrivaled 

selectivity for targeted metal ions under the conditions found in liquid wastes from 

processing nuclear fuels.
6
 

 Steric preorganization of molecules on suitable platforms such as resorcinarene 

cavitands
7 

and calix[4]arenes
8, 9 

enhance extraction efficiencies. The rigidity of the 



 

 

55 

platform and orientation of coordinating groups contributed to improved selectivities. For 

example, the immobilization of CMPO ligands on a resorcinarene cavitand promoted 

greater selectivity of Eu(III) over UO2(II) and Fe(III) compared to simple CMPO 

derivatives.
7
 

 This chapter delves into the design and synthesis of novel polymer-supported 

reagents containing amide and phosphate ester groups with the aim of investigating 

whether cooperation of ligands for enhanced metal ion affinities can occur between these 

groups. To understand the mechanism of complexation of this bifunctional resin, several 

“control” resins were synthesized. Two of these resins, monofunctional carboxamide and 

phosphonate diester were discussed in Chapter 2. The remaining resins, in addition to the 

phosphorylated amidoalcohol, would be part of this chapter. These resins would be 2-(2-

aminoethoxy)ethanol, and phosphorylated 2-(2-aminoethoxy)ethanol, benzoyl 

phosphonate and polymer-supported amidoalcohol. 

 Research on metal ion removal with amide and phosphonic acid groups 

immobilized on vinylbenzyl chloride-styrene-divinylbenzene copolymers had been 

explored by another group under buffered conditions.
10 

The mechanism of complexation 

proposed was different from what was found here. 

 

3.2 Experimental 

 A summary of the experimental procedures is presented below. A complete 

account is found in Chapter 5 along with a description of the techniques used in analysis 

and characterization of the resins. 
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3.2.1 Synthesis of 2-(2-aminoethoxy)ethanol resin 

 These beads were obtained by heating VBC copolymer in N-methyl pyrrolidone 

(NMP) at 80 °C in the presence of 2-(2-aminoethoxy)ethanol. The temperature was 

slowly increased to 80 °C. Substitution of –Cl by primary amine was the favored 

reaction. 

3.2.2 Synthesis of 2-(2-aminoethoxy)ethylphosphate resin 

A standard reaction of introducing phosphate groups into the resin was employed. 

Diethyl chlorophosphate (DECP) was introduced into a flask containing beads in NMP. 

The resin was characterized by phosphorus and nitrogen analyses. 

3.2.3 Synthesis of benzoyl phosphonate ester resin 

This resin was synthesized by a modification of Michaelis - Arbuzov reaction, 

from acyl chlorides and trialkyl phosphites.
11, 12

 

3.2.4 Synthesis of amidoalcohol resins: (2-(2-amidoethoxy)ethanol resin) 

 This resin and other amidoalcohol resins were prepared by first modifying the 

VBC copolymer to acid chloride resin. The acid chloride resin was reacted with the 

corresponding aminoalcohol at 60 °C for 10 h in acetonitrile (used for preparation of 2-

(2-amidoethoxy)ethanol resin) or dioxane (used for preparation of other amidoalcohols) 

as the solvent. 

3.2.5 Synthesis of phosphorylated amidoalcohols 

 These resins were prepared by phosphorylation of the –OH functional group using 

DECP as the phosphorylating agent in the presence of pyridine. Pyridine is used to 

remove the HCl produced in the reaction and prevent hydrolysis of ester. The resins were 
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characterized by phosphorus and nitrogen elemental analyses. Phosphorylation of other 

amidoalcohols was performed in a similar manner. 

 

3.3 Results and Discussion – Section I 

3.3.1 Preparation and characterization of polymer-supported 2-(2-

aminoethoxy)ethanol  

 Immobilization of 2-(2-aminoethoxy)ethanol (AEE) occurred by substitution of 

the amine part of the aminoalcohol molecule at the –CH2Cl side chains of the VBC 

copolymer (VBC - co - 2 % DVB). Nitrogen capacities of polymer-supported 2-(2-

aminoethoxy)ethanol, Figure 3-1, were lower than expected, (expected = 4.36 mmol/g, 

actual = 3.40 mmol/g), despite implementing common solvents and reaction conditions
13, 

14 
used for amination (Table 3-1). N-methyl pyrrolidone (NMP) was chosen as the most 

suitable solvent since it was inert and a good swelling solvent for the VBC copolymer. 

Note that, while in some cases, comparable nitrogen capacities were obtained when other 

solvents were used, in other cases e. g. dimethylformamide (DMF), the nitrogen 

capacities were lower than usual. The reaction proceeded similarly in the absence of any 

solvent.  

Two possible reasons can account for the lower nitrogen capacity. Secondary 

crosslinking has been found to occur in reactions involving dimethylamine or 

aminoalcohols and chloromethylated divinylbenzene-styrene copolymers.
15, 16 

In addition,  
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Figure 3-1 Structure of 2-(2-aminoethoxy)ethanol resin 
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Table 3-1 Investigation of the Immobilization of 2-(2-aminoethoxy)ethanol (AEE) on VBC copolymer 

 

AP # Solvent Reaction conditions N capacity, mmol/g 

 

5-029 

 

none VBC (2g), 70 mL AEE, swell 1h. Heat to 80 degrees, 17h 3.44 

5-071 Acetonitrile VBC (2g), 50 mL acetonitrile, swell 1h. Add 20 mL AEE, reflux, 17h 

 

3.30 

4-279 DMF VBC (2g), 100 mL DMF, swell 1h. Add 10 mL AEE, 40 degrees, 17h 

 

2.64 

4-273B Dioxane VBC (2g), 100 mL dioxane, swell 1h. Add 10 mL AEE, reflux, 17h 

 

3.38 

5-34B THF VBC (2g), 42 mL THF, swell 1h. Add 21  mL AEE , 42 mL THF reflux, 17h 

 

3.28 

5-34A Water VBC (2g), 10 mL water, swell 1h. Add 70 mL AEE, heat to 80 degrees, 17h 

 

2.73 

4-273A NMP VBC (2g), 100 mL NMP, swell 1h. Add 10 mL AEE, heat to 70 degrees, 17h 

 

3.40 

5-078 NMP VBC (6g), 100 mL NMP, swell 2h. Add 50 mL AEE + 50mL NMP, heat to 80 

degrees, 17h 

 

3.44 

4-214 NMP VBC (6g), 100 mL NMP, swell 2h. Add 10 mL water + 20mL AEE, Heat to 70 

degrees, 17h 

 

2.78 (H+) 
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Table 3-2 Elemental analysis of some polymer-supported (aminoethoxy)ethanol resins 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 (N. D. = not determined)

AP # 

 

Nitrogen capacity, 

mmol/g 

Acid capacity, mmol/g % solids Chlorine elemental, 

mmol/g 

4-078 2.96  2.94 N. D. 

 

0.76  

5-046 

 

3.30 n.d. N. D. 0.57 

5-066 

 

3.29 n.d. N. D. 1.00 

5-078 

 

3.44 2.94 38.3 N. D. 

5-095 

 

3.42 3.07 34.7 N. D. 

5-115 

 

3.14 2.90 44.6 N. D. 

5-123 

 

3.14 N. D. N.D. 0.77 
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Figure 3-2 FTIR spectrum of 2-(2-aminoethoxy)ethanol resin (AP 4-078)
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ethanolamine can be alkylated to the tertiary aminoalcohol.
17 

There is evidence of slow 

reactivity of aminoalcohols with chloromethylated polystyrene.
18  

 Secondly, there is experimental evidence of incomplete reaction as indicated by a 

small amount of chlorine on the resin (Table 3-2). Further characterization showed 

agreement between the acid capacity and the experimental nitrogen capacity. This means 

that all the nitrogen atoms can be protonated. The IR spectrum of this resin in Figure 3-2 

indicated bands at 1448 cm
-1

, 1128 cm
-1

 and 1068 cm
-1

 corresponding to N-H bending, C-

O(C) and C-O(H) stretching frequencies, respectively. 

3.3.2 Preparation and characterization of polymer-supported phosphorylated 2-(2-

aminoethoxy)ethanol  

 It was established that basic conditions (resin and the reaction mixture) were 

necessary for this reaction to proceed, (see entry AP # 5-088, Table 3-3). Heating a 

reaction mixture containing the phosphorylating reagent, DECP, in the absence of a base 

can permit hydrolysis of the phosphate ester with limited immobilization of the 

phosphorus group. DECP (used in five molar excess of –OH sites) was found to be 

sufficient for a complete reaction. Thus, concentration of DECP and the presence of a 

base were the two important variables for consideration.  

 Nitrogen and phosphorus capacities of the phosphorylated (aminoethoxy)ethanol 

were similar, within experimental error. However acid capacities were always lower than 

nitrogen capacities (Table 3-4). One possible reason was that upon introduction of the 

phosphorus group, steric hindrance about the crosslinked amine sites may affect their 

protonation. 
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Table 3-3 Phosphorylation of polymer-supported 2-(2-aminoethoxy)ethanol 

 

AP # Variables 

Examined 

Reaction conditions P capacity, 

mmol/g 

 

N capacity, 

mmol/g 

Acid capacity, 

mmol/g 

5-112 Reaction time 1g beads, 50 mL dioxane, 4 mL NMP, 5 mL 

DECP, 17 h, RT 

1.46 2.57 1.95 

  1g beads, 50 mL dioxane, 4 mL NMP, 5 mL 

DECP, 65 h, RT 

1.60 2.57 1.92 

5-114 # moles of 

Base, DECP 

1g beads,100 mL dioxane, 8 mL NMP, 10 mL 

DECP, 17 h, RT 

1.16 N. D. 2.02 

5-116 Temperature 1g beads, 50 mL dioxane, 4 mL NMP, 5 mL 

DECP, 17 h, heat to 40 degrees 

1.31 N. D. 2.24 

5-117 Concentration 1g beads, 25 mL dioxane, 4 mL NMP, 5 mL 

DECP, 17 h, RT 

1.96 2.66 1.84 

5-103 Volume of 

NMP 

1g beads, 50 mL dioxane, 2 mL NMP, 5 mL 

DECP, 17 h, RT 

1.38 2.87 1.76 

  1g beads, 50 mL dioxane, 4 mL NMP, 5 mL 

DECP, 17 h, RT 

1.44 2.32 1.74 

  1g beads, 50 mL dioxane, 8 mL NMP, 5 mL 

DECP, 17 h, RT 

1.63 2.51 1.54 

5-088 Absence of 

base 

1g beads, 50 mL dioxane, 5 mL DECP, 17 h, RT 0.91 N. D. 2.24 

 Absence of 

base and 

heating 

1g beads, 50 mL dioxane, 5 mL DECP, 17 h, 

reflux 

1.98 N. D. 3.03 

5-087 Solvent and 

base 

1g beads, 50 mL dioxane, 7 mL pyridine, 5 mL 

DECP, 17 h, RT 

2.77 2.28 N. D. 
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Table 3-4 Elemental analysis of polymer-supported phosphorylated 2-(2-aminoethoxy)ethanol 

 

 

 

 

AP # 

 

Nitrogen capacity, 

mmol/g 

 

Acid capacity, 

mmol/g 

% solids Phosphorus 

elemental, 

mmol/g 

5-163 

 

2.55 1.52 44.1 2.15  

5-165 

 

2.54 1.83 42.6 1.84 

5-169 

 

2.27 1.61 43.8 1.95 
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Figure 3-3 Structure of phosphorylated 2-(2-aminoethoxy)ethanol resin 
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Figure 3-4 FTIR spectrum of phosphorylated 2-(2-aminoethoxy)ethanol resin 
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 Introduction of phosphorus was evident on the IR spectrum of this resin. In Figure 

3-4, it is clear that P=O and P-O stretching frequencies occur at 1217cm
-1

 and 1057cm
-1

 

respectively. 

3.3.3 Preparation and characterization of polymer-supported benzoyl phosphonate 

ester resin. 

 The preparation of this resin (Figure 3-5), involved the application of the 

Michaelis-Arbusov reaction to acid chlorides. Small molecule synthesis of acyl 

phosphonates have been carried out.
11, 12

 Functionalization was complete as observed 

from phosphorus capacities (Table 3-5) where theoretical phosphorus capacity was 3.75 

mmol/g compared to actual phosphorus capacity (average) which was 3.72 mmol/g. A 

small amount of acid capacity was determined, possibly arising from incomplete reaction 

of triethyl phosphite and acid chloride beads.  

 The IR spectra (Figure 3-6) indicated that the phosphorus group was immobilized 

as the P=O given the band at 1234 cm
-1

. It must be pointed out that the IRs obtained in 

each instance were all different with respect to position of the P=O stretch. This could be 

related to the hydrogen bonding within the resin in relation to the position of the P=O in 

the molecule. 

 

 

C

n

O

P

O

OEt

OEt  

  

Figure 3-5 Benzoyl phosphonate resin 
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Table 3-5 Elemental analysis of benzoyl phosphonate resins 

 

AP # P capacity, 

mmol/g  

Actual (Theoretical) 

Acid capacity, 

mmol/g 

% Solids 

3-269 

 

3.97 (3.75) 0.82 72.6 

4-065 

 

3.65 0.57 59.7 

4-242 

 

3.55 0.65 68.1 
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Figure 3-6 FTIR spectrum of benzoyl phosphonate ester. 
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Figure 3-7 Reaction scheme for preparation of phosphorylated amidoalcohol resins 

(Immobilisaton and phosphorylation of 2-(2-aminoethoxy)ethanol is used as an example) 
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3.3.4 Preparation of glycol esters 

 The reactivity of acid chloride resins with diols, e. g. ethylene glycol, to form the 

corresponding ester was investigated. Application of conventional methods of 

esterification of acid chlorides with alcohols in solution to the reaction with acid chloride 

resins and diols proved unsuitable.
19, 20 

For example, it was evident that the acid chloride 

groups reacted with the base present (pyridine and triethylamine) so that there was some 

extraneous nitrogen present in the polymer despite carrying out the reaction in the 

presence of ethylene glycol. A base was used to neutralize the HCl that would be 

produced when the ethylene glycol reacts with the acid chloride.  

Reaction of acid chloride resins with ethanol and 2-methoxyethanol were 

compared to reaction with diols. It was found that acid chloride resins were easily 

esterified with ethanol (Table 3-6). The percent conversion to the corresponding ester 

was calculated after determination of the acid capacities of the products formed. The acid 

capacities were negligible. This implied that there were no acidic sites on the resin either 

from incomplete reaction or hydrolysis of ester. It was later discovered that milder 

conditions than those described in Table 3-6 were sufficient for ester formation (2 h 

stirring at room temperature with methyl or ethyl alcohol for the methyl or ethyl ester 

respectively). In addition, IR spectra (Appendix section IV) confirmed the formation of 

the ester. The band at 1716 cm
-1

 indicated the presence of C=O stretch and 1284 cm
-1

, for 

the C-O-(C) stretch. The high percent solids indicated that a more hydrophobic resin was 

produced. 
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Table 3-6 Reactivity of acid chloride beads with alcohols 

 

AP # 
a
Reactant 

 

% solids Acid capacity, 

mmol/g 

% conversion to ester 

3-048 2-methoxyethanol 

 

80.9 0.06 100 

3-049 Ethanol 

 

79.3 0.07 100 

 

a 
(Reaction conditions – In a 250 mL RBF, 1 g of beads, swell 2 h in 100 mL dioxane,  20 mL reactant, 

reflux 17 h)  
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 Optimal conditions for ester formation with ethylene glycol were determined by 

varying conditions of temperature, solvent and reaction time, as well as surface area and 

porosity of the polymer, as outlined in Tables 3-7 to 3-10.  The success of the reaction 

was inferred from acid capacity determinations and IR spectroscopy. An acid capacity of 

0.15 mmol/g, for example, suggested that there was 100 % conversion of acid chloride to 

the ester (i. e. all -Cl sites are replaced with –OH from diol), within experimental error. 

This was achieved when the product was washed with solvent (dioxane) and then with 

water instead of methanol followed by water.  

  Several solvents were used (Table 3-9), and dioxane was found to be the most 

suitable. Dioxane swelled the beads, was non-reactive, and miscible with ethylene glycol, 

the reactant. Reaction time and temperature were among the factors that were found to be 

more effective (Tables 3-8 and 3-10) in affecting the amount of immobilization. The 

effect of reactant concentration and surface area were inconclusive (Tables 3-7 and 3-10). 

The low acid capacity of gel compared to macroporous resins in Table 3-7 can be 

attributed to a higher degree of crosslinking for macroporous beads, making them more 

rigid. Unreacted acidic groups can be esterified with triethyl orthoformate.
21 

It was not 

possible to obtain a high degree of immobilization of ethylene glycol on acid chloride 

resins in repeated trials. The unreactivity of ethylene glycol may be attributed to 

hydrogen bonding between the –OH groups of diols which increased the solution’s 

viscosity and reduced accessibility of the reactant to the active sites in the resin. 

 One possible hypothesis that has not been explored to enhance reactivity would be 

to enhance the nucleophilicity of the reactant. This can be achieved by preparing the 

sodium salt of ethylene glycol and then reacting this with the acid chloride resins in the 



 

 

7
4

 

 

 

Development of optimum conditions for obtaining the ester of ethylene glycol 

Table 3-7 Effect of bead porosity on the esterification of acid chloride beads. 

 

AP # Polymer support 

 

% solids % conversion to 

ester 

        2-066     5% DVB (macroporous  beads) 

 

33.8 45.0 

2-067 2% DVB (gel beads) 

 

85.0 91.4 

  

   (Reaction  conditions - solvent = 100 mL dioxane, swell 2h.,  4 mL ethylene glycol, heat to 102 °C for 48 h,  

    1 g beads)
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Table 3-8 Effect of reaction time on esterification reaction (using 2% DVB gel beads) 

 

Time, h Acid capacity, 

mmol/g 

% Solids 
b 
% conversion 

24 5.06 62.7 0.0 

48 3.80 74.5 24.3 

7 days 2.13 80.8 57.6 

    

           (Reaction conditions – 15 mL ethylene glycol, 110 mL dioxane, 1 g  gel beads, stir at RT) , 

   
b
 The beads were washed with 100 mL dioxane, 100 mL water
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Table 3-9 Effect of solvent 

 

Solvent (mL) Reaction 

Conditions 

% 

conversion 

Carbon disulphide (100 mL + TEA 3 mL) Ice bath, 22 h. 13.9 

Tetrahydrofuran (120 mL) R.T., 17 h. 50.4 

Dimethylformamide (120 mL) R.T.,17 h. 4.1 

Pyridine (120 mL) Distilled reactants, 3 h. R.T 48.9 

Pyridine (120 mL) Distilled reactants, 22 h. 

R.T. 

50.1 

Dichloromethane (110 mL + TEA 3 mL) Ice bath, 15 h. 46.2 

Dioxane (120 mL + TEA 3.5 mL) Reflux for 20 h. 69.8 

N-methylpyrrolidinone (120 mL)  Heat to 60 °C, 20 h. 12.6 

   

     (Resin conditions – 15 mL ethylene glycol, the resins above were washed with ethanol,  

   ethanol/water (1:1) and water) 

      R. T. = room temperature 
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Table 3-10 Effect of reaction temperature and reactant concentration on % conversion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Reaction conditions – 1 g Beads, 110 mL dioxane 

 

 

 

 

Temperature 

 

Time, h Volume of ethylene glycol, 

mL 

Acid capacity, mmol/g % conversion 

Reflux 

 

48 13 0.99 82.9 

Reflux 

 

96 15 2.98 48.5 

Reflux 

 

48 32 0.64 88.9 

50°C 

 

48 60 4.07 36.3 

50°C 

 

48 30 3.25 49.1 

50°C 

 

48 30 1.78 72.1 
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reaction scheme shown in Figure 3-7. 

3.3.5 Preparation and characterization of poly(amidoalcohols) 

The difficulty of immobilizing diols prompted the preparations of esters of 

aminoalcohols. Aminoalcohols contain –NH2 and –OH groups. The greater 

nucleophilicity of amines allowed for greater reactivity with acid chlorides.
22 

These 

reactions were rapid with good yields. The reaction of acid chloride resin with 2-(2-

aminoethoxy)ethanol, (AEE) was investigated to determine the reaction conditions as a 

representative reaction for other aminoalcohols. Various solvents, listed in Table 3-11 

were employed to find one that was inert and compatible with the beads regarding 

polarity and ability to swell the beads. “Clumping” was used to describe the appearance 

of the beads when they stuck together. Acetonitrile was the chosen as the solvent for the 

amidation reaction with AEE, because the beads were free-flowing (mixed well) in the 

reaction mixture upon addition of AEE, and a high degree of immobilization was 

obtained. The theoretical nitrogen capacity for this resin was 3.69 mmol/g (free base 

form).  

Reactions in dioxane gave high levels of functionalization despite the observed 

resin clumping. It was concluded then, that dioxane could also be used as a solvent. For 

reactions with other aminoalcohols, dioxane was the solvent of choice as acetonitrile 

didn’t improve the resin’s appearance or reactivity. DMF was not used as an unexplained 

high acid capacity resulted and a different IR was obtained. IRs of some 

poly(amidoalcohol) resins prepared with different solvents can be found in the Appendix 

section I. 
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Table 3-11 Effect of solvent in preparation of polymer-supported 2-(2-amidoethoxy)ethanol 

 

SOLVENT and AEE 

and resin at R.T.* for 

20h 

 

Acid cap., 

mmol/g 

Nitrogen cap., 

mmol/g 

Resin appearance 

on addition of AEE 

Dioxane 0.74 3.25 Clumping  

THF (5°C) 0.67, 0.57 2.03, 3.57 Clumping  

DMF 3.22 1.70 Clumping absent 

Diglyme 1.63 2.95 Clumping 

Acetonitrile 0.71 3.26 Clumping absent 

          

         * unless otherwise indicated
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Some solvents could not be used as they reacted with the chlorinated resin. It was 

important to choose inert solvents, and the reactivity of solvents was also investigated. 

These results were compiled in Table 3-12. The evolution of fumes was evidence that 

some reaction occurred. This was further supported from nitrogen and acid capacity 

determinations where necessary.  

 Heating increased the reaction rate, though it had minimal effect above 25°C as 

shown in Table 3-13. Amidation was complete after 1h (Table 3-14). Nitrogen capacities 

were quite consistent over the 48 h time studied. There was a small but noticeable trend 

in acid capacities of reactions carried out for longer times compared to those performed at 

shorter times: shorter times had higher acid capacities due to incomplete reaction (Table 

3-15). A time of 10 h and temperature of 60 °C were chosen as reasonable conditions for 

immobilization. Resins 4-184, 4-183A, 4-183B of Table 3-10 had the same starting 

material and this was also true of 4-175A, 4-175B, 4-175C, 4-179A, 4-179B. Each resin 

in Table 3-15 was prepared independently of the others.  

 All other poly(amidoalcohol) resins gave reasonable nitrogen capacities when 

allowed to react at room temperature and when the solvent was dioxane despite some 

clumping of resin observed upon addition of the aminoalcohol to the solvent containing 

beads. It was found that acetonitrile was not a better solvent than dioxane for the 

amidation reactions of other aminoalcohols (the beads clumped together in either 

solvents) as mentioned before. Dioxane was chosen as the solvent because of its 

availability. 
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Table 3-12 Solvent reactivity with acid chloride resin. 

 

SOLVENT and acid 

chloride resin only at 

RT 

Acid capacity, 

mmol/g 

Nitrogen  

capacity, mmol/g 

Observation 

Acetonitrile 0.19 0.16 No fumes 

NMP *N. D. N. D. Fumes from flask 

Pyridine/Acetonitrile 5.71 0.16 No observable fumes 

TEA/Acetonitrile 5.01 0.45 Fumes from flask 

Pyridine N.R. 1.10 Fumes from flask 

          

           (The beads were stirred with methanol upon removal of the solvents) 

          N.D. = not determined 
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Table 3-13 The effect of temperature on esterification of acid chloride resin with (aminoethoxy)ethanol 

 

 
a
Temperature, °C Acid capacity, mmol/g Nitrogen cap, mmol/g 

0 0.33 0.44 

 25 0.62 3.42 

50 0.55, 0.51 3.73, 3.56 

70 0.57 3.57 

 

a
solvent used – acetonitrile (100 mL), beads swell 1 h, stir at listed temperature for 8 h 
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Table 3-14 Effect of time on the esterification reaction at 70 °C 

 

Time, h Acid capacity, mmol/g Nitrogen cap, mmol/g 

1 0.86 3.40 

2 0.90, 0.63 3.69, 3.38 

8 0.69 3.25 

17 0.74 2.78 

34 0.81,0.51 3.70, 3.39 

48 0.49 3.69 
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Table 3-15 Elemental analyses of poly(amidoethoxy)ethanol resins prepared at different reaction times in acetonitrile. 

 

Time, h Resin code Acid capacity, mmol/g Nitrogen capacity, mmol/g 

1 4-179A
a
 0.86 3.40 

2 4-175A
b
 0.90 3.69 

2 4-184
c
 0.63 3.38 

8 4-175B
b
 0.69 3.25 

17 4-175C
b
 0.74 2.78 

34 4-179B
a
 0.81 3.70 

34 4-183A
c
 0.51 3.39 

48 4-183B
c
 0.49 3.69 

 

Resin codes with the same superscript were reacted on the same day. 
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The spectra of poly 2-(2-amidoethoxy)ethanol resins show characteristic amide 

bands at 1637, 1545 and 1305 cm
-1 

corresponding to amide I, II and III bands and C-O-

(C), C-O-(H) at 1120, 1066 cm
-1

 respectively. The amide I band, assigned to C=O 

stretching vibration usually found in the region 1630-1700 cm
-1

.  Amide II and amide III 

bands corresponded to N-H in-plane deformation with contributions from C-N stretching 

in the region 1510-1650 cm
-1

 and 1230-1330 cm
-1

 to N-H / C-N deformations                                  

respectively.
23-25 

The characteristic bands in the spectra of other poly(amidoalcohol) resins 

compared well with that obtained for poly 2-(2-amidoethoxy)ethanol resin. The IR bands 

of poly (amidoalcohol) resins were listed in Table 3-16 and shown in Appendix section 

II. Table 3-17 contained the identity of the bands of some other amide resins prepared.  

 IR bands of amide resins (Tables 3-16 and 3-17), showed a shoulder in the region 

of 1700 cm
-1

, with the exception of polymer-supported diethylamide. This shoulder may 

be a result of incomplete reaction between aminoalcohol molecules with acid chloride 

resin.  

 



 

 

8
6

Table 3-16 Band frequencies (cm
-1

) of various polymer-supported amidoalcohols 

 

Ligand Amide I 

(C=O) 

Amide II 

(N-H 

deformation) 

Amide III 

(N-H / C-N) 

deformation 

C-O-(H) 

-C(O)NHCH2CH2OH 

(amidoethanol) 

1635 1545 1306 1063 

-C(O)NHCH2CH2CH2OH 

(amidopropanol) 

1637 1545 1306 1041 

-C(O)NHC(CH3)2CH2OH 

(2-amido-2-methylpropanol) 

N.D. N.D. N.D. N.D. 

-C(O)NHCH2CH2CH2CH2CH2OH 

(amidopentanol) 

1639 1541 1306 1053 

-C(O)NHCH2CH2OCH2CH2OH 

(2-(2-amidoethoxyethanol)) 

1637 1543 1306 1065 

 

 N.D. not determined 
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Table 3-17 Frequency of bands (cm
-1

) of some polymer-supported amides 

 

Ligand Amide I Amide II Amide III 

-C(O)NHCH2CH2CH2CH3 

 

(amidobutane) 

 

1637 

 

1541 1306 

-C(O)N(CH2CH3)2 

 

(carboxamide) 

 

1624 N. A. 1288 

-C(O)NHCH2CH2NHCH2CH2NH2 

 

(2-amidoethylenediamine) 

 

1637 1541 1286 

-C(O)NHCH2CH2NH2 

 

(amidoethylamine) 

 

1635 1539 1307 
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Table 3-18 Elemental analyses of amidoalcohol resins 

 

Ligand AP # N capacity, 

mmol/g 

 

Acid capacity, 

mmol/g 

% solids 

-C(O)NHCH2CH2OH 4-228 

4-103 

3.87 

3.93 

N. D. 

0.73 

N. D. 

60.4 

-C(O)NHCH2CH2CH2OH 3-142 

5-130 

4.02 (H+) 

3.72 (OH-) 

0.88 

0.39 

64.8 

68.5 

-C(O)NHC(CH3)2CH2OH 3-143 3.06 1.67 64.5 

-C(O)NHCH2CH2CH2CH2CH2OH 3-156 3.07 0.81 75.2 

-C(O)NHCH2CH2OCH2CH2OH 4-203 

4-223 

3.69 

3.09 

0.58 

0.66 

64.7 

68.1 
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3.3.6 Phosphorylated poly(amidoalcohol) resin preparation and characterization  

Phosphorylation of poly(amidoalcohol) resins were accomplished using diethyl 

chlorophosphate in the presence of pyridine. The amount of diethyl chlorophosphate used 

was approximately five times (molar) in excess of active sites (-OH groups) on the resin. 

Pyridine removed the hydrochloric acid produced as a result of the reaction.  

 Table 3-19 lists the identity of the bands found in the IR spectra of these resins. 

These spectra can be found in the Appendix section III.  
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Table 3-19 Frequency bands (cm
-1

) of phosphorylated amidoalcohol resins 

 

Ligands Amide I Amide II C-O-(P) P=O 

-C(O)NHCH2CH2OP(O)(OEt)2 1647 1541 1041 1279 

-C(O)NHCH2CH2CH2OP(O)(OEt)2 1639 1541 1040 1278 

-C(O)NHC(CH3)2CH2OP(O)(OEt)2 1647 1545 1049 1271 

-C(O)NHCH2CH2CH2CH2CH2OP(OEt)2 1647 1543 1032 1258 

-C(O)NHCH2CH2OCH2CH2OP(O)(OEt)2 1645 1543 1036 1258 
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Table 3-20 Elemental analyses of phosphorylated amidoalcohol resins 

 

Ligands AP # N capacity, 

mmol/g 

(Actual) 

P capacity, 

mmol/g 

(Actual) 

Acid 

capacity, 

mmol/g 

% solids 

-C(O)NHCH2CH2OP(O)(OEt)2 4-238 2.77 2.12 N. D. 75.4 

-C(O)NHCH2CH2CH2OP(O)(OEt)2 3-147 

5-132 

2.63 

2.57 

1.95 

2.14 

0.80 

0.51 

72.3 

69.1 

-C(O)NHC(CH3)2CH2OP(O)(OEt)2 3-148 2.28 1.52 1.24 72.3 

-C(O)NHCH2CH2CH2CH2CH2OP(O)(OEt)2 3-158 2.16 2.11 0.71 80.8 

-C(O)NHCH2CH2OCH2CH2OP(O)(OEt)2 5-013 

5-016 

2.01 

1.70 

2.07 

2.32 

0.60 

0.55 

57.3 

73.6 
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3.4 Results and Discussion – Section II 

3.4.1 Metal ion contact studies 

 Phosphate esters of amidoalcohols were synthesized to determine their ability as 

metal complexing agents because of their multiple chelating sites. To investigate the 

coordinating ability of a phosphorylated 2-(2-amidoethoxy)ethanol resin, a series of 

polymers isolating the various functional groups of the phosphorylated resin was 

synthesized. All polymers were prepared from the modification of poly (VBC) gel 

copolymer crosslinked with 2 % DVB.   

 Polymer-supported carboxamide resin (described in Chapter 2), polymer-

supported 2-(2-aminoethoxy)ethanol, polymer-supported phosphorylated 2-(2-

aminoethoxy)ethanol and polymer-supported 2-(2-amidoethoxy)ethanol were found to 

complex less than 10 % of divalent or trivalent metal ions from metal nitrate solutions of 

1×10
-4

N initial concentrations at pH 2 (Tables 3-21 and 3-22). Additionally, polymer-

supported phosphorylated 2-(2-amidoethoxy)ethanol, polymer-supported benzoyl 

phosphonate and polymer-supported diethyl phosphonate (the latter for trivalent metal 

ions only), were the sorbents exhibiting higher metal ion sorption affinities. The metal 

ion affinity trend for the amidoalcohol phosphates followed the approximate order: Pb(II) 

> Cu(II) > Cd(II) > Zn(II) > Ni(II) (Table 3-21). In the case of trivalent metal ions 

studied, iron showed the highest affinity to these resins (Table 3-22). 

3.4.2 Metal ion affinity analysis - A. Divalent metal ions. 

 The phosphoryl oxygen and the carbonyl oxygen were the primary binding sites 

investigated in the phosphorylated amidoalcohol resins. This was illustrated in Table 2-3 
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Table 3-21 Percent divalent metal ion complexation and D (distribution coefficients) values, in brackets, for bifunctional resins 

from metal nitrate solutions of 1×10
-4

 N initial concentration (RSD = 2.3%) 

 

                        Metal Ion 

Ligand 

Pb(II) 

 

Cd(II) Cu(II) Ni(II) Zn(II) 

-NHCH2CH2OCH2CH2OH 4.08 (2.06) 3.47 (1.78) 4.53 (2.27) 4.38 (2.18) 3.33 (1.69) 

-NHCH2CH2OCH2CH2OP(O)(OEt)2 2.34 (0.66) 3.66 (1.12) 3.56 (1.04) 2.65 (0.80) 5.19 (1.57) 

-C(O)NHCH2CH2OCH2CH2OH 7.15 (2.22) 7.77 (2.62) 9.30 (3.00) 1.64 (0.60) 1.71 (0.64) 

-C(O)P(O)(OEt)2 57.3 (36.1) 30.4 (12.2) 30.8 (12.4) 13.7 (4.37) 20.2 (6.89) 

-C(O)NHCH2CH2OCH2CH2OP(O)(OEt)2 75.3 (78.8) 48.1 (23.4) 56.5 (33.6) 24.8 (8.56) 41.0 (18.8) 
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Table 3-22 Percent trivalent metal ion complexation and D (distribution coefficients) values, in brackets for bifunctional resins 

from metal nitrate solutions of 1×10
-4

 N initial concentration 

 

                   

                                            Metal Ion 

                Ligand      

 

Eu(III) 

 

Fe(III) 

 

Al(III) 

-NHCH2CH2OCH2CH2OH 2.28 (1.16) 4.43 (2.33) 4.03 (2.06) 

-NHCH2CH2OCH2CH2OP(O)(OEt)2 5.76 (1.75) 10.36 (3.34) 3.74 (1.20) 

-C(O)NHCH2CH2OCH2CH2OH 0.00 (0.00) 2.60 (0.78) 1.00 (1.02) 

-C(O)P(O)(OEt)2 75.0 (81.1) 79.1(102) 45.5 (23.5) 

-C(O)NHCH2CH2OCH2CH2OP(O)(OEt)2 64.2 (45.3) 74.0 (85.9) 60.9 (40.8) 
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and in Table 3-21 where, for example, Pb(II) removal was less than 10 % for resins 

having only one coordinating group but was 57 % for the benzoyl phosphonate diester 

resin and 75 % for phosphorylated 2-(2-amidoethoxy)ethanol resin, resins with both 

coordinating groups in their structures. This indicated that metal ion coordination 

involved both coordinating sites. Synergism occured when binding sites occur in the 

same resin and on the same chain. The two ligands cooperate to complex greater levels of 

Pb(II), for example, than either ligand can alone. This phenomenon of “supported ligand 

synergistic interaction” was observed when the spacer ligand was an ethyl group, an 

ethoxyethyl group or when the spacer ligand was absent. Intraligand cooperation had 

been noted with polymer-supported aminomethylphosphonates,
26 

α-, β-, γ- 

ketophosphonates
11 

and phosphonoacetic acid.
27

 

Pb(II) ions were the most highly preferred and Ni(II) ions, the least preferred, for 

the phosphorylated amidoalcohols considered: Pb(II) was the softest metal of the divalent 

ions investigated, based on Misono softness values.
28

 This metal ion affinity trend was 

observed with some other phosphate resins.
29

 This trend was also observed on a silica 

sorbent containing self-assembled carbamoylphosphonic acid, relating softness to metal 

ion affinity .
30 

An approximate correlation between metal ion polarisability, represented 

by the Misono softness parameters, and binding affinity of metal ions, determined by 

their distribution coefficients, can be made. For the resin poly (2-(2-amidoethoxy)ethyl 

phosphate)) in Figure 3.7, the correlation coefficient was 0.93 with an intercept of 0.22 

on x axis and a slope of 449, while resin poly(amidoethyl phosphate) gave a correlation 

of 0.96, an intercept of 0.22 and a slope of 629. Benzoyl phosphonate diester resin was 

added for comparison. 
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Table 3-23 Effect of varying the length of the spacer group on metal ion affinities of divalent metal ions (% divalent metal 

complexed) from metal nitrate solutions of initial concentrations of 1×10
-4

 N  

 

                            

                                      

                                                    Metal ion 

             Ligand structure 

             Name 

 

Pb(II)   

 

Cd(II) 

 

Cu(II) 

 

Ni(II) 

 

Zn(II) 

-C(O)P(O)(OEt)2 

diethyl benzoylphosphonate ester 

 

57.3 30.4 30.8 13.7 20.2 

-C(O)NHCH2CH2OP(O)(OEt)2 

phosphorylated amidoethanol 

 

82.4 63.6 64.3 37.2 50.2 

-C(O)NHCH2CH2CH2OP(O)(OEt)2 

phosphorylated amidopropanol 

 

25.9 7.71 10.7 0.0 3.22 

-C(O)NHC(CH3)2 CH2OP(O)(OEt)2 

phosphorylated 2-amido-2-methyl-1-propanol 

 

19.4 5.48 10.9 0.0 4.47 

-C(O)NHCH2CH2CH2CH2CH2OP(OEt)2 

phosphorylated amidopentanol 

 

19.0 5.62 8.28 0.0 3.59 

-C(O)NHCH2CH2OCH2CH2OP(O)(OEt)2 

phosphorylated amidoethoxyethanol 

 

75.3 48.1 56.5 24.8 41.0 
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Table 3-24 Effect of the length of the spacer group on metal ion affinities of trivalent metal ions (expressed as % metal ion 

complexed) from metal nitrate solutions of initial concentrations of 1×10
-4

 N 

 

 Ligand  Eu(III) Fe(III) Al(III) 

-C(O)P(O)(OEt)2 75.0 79.1 45.5 

-C(O)NHCH2CH2OP(O)(OEt)2 44.4 43.1 33.7 

-C(O)NHCH2CH2OCH2CH2OP(O)(OEt)2 64.2 74.0 60.9 
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These correlations can be found in Table 3-25. Similar findings were obtained for 

monophosphorylated polyols and divalent metal ions.
29 

The low linearity observed 

suggested that polarisability may not be the sole determinant of metal ion coordination.  

Polarisability of a metal ion can be a useful indicator for explaining metal ion 

affinity as seen here and as found in the literature cited in the introduction section. It was 

observed that the ethylamide phosphate resin had a higher affinity for divalent metal ions 

and was more selective than the longer chain amidoethoxyethyl phosphate (containing 

two glycol moieties connected by an ether linkage).  

 

 

 

 

Table 3-25 Correlations of poly(amidoethoxyethyl phosphate), poly(amidoethyl 

                  phosphate) and poly(diethyl benzoylphosphonate) resins 

 

Ligands Correlation x intercept Slope 

-C(O)P(O)(OEt)2 0.96 0.22 194 

-C(O)NHCH2CH2OP(O)(Oet)2 0.96 0.22 629 

-C(O)NHCH2CH2OCH2CH2OP(O)(OEt)2 0.93 0.22 449 
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Figure 3-8 Correlation of distribution coefficients with metal ion polarisability for phosphorus containing resins.
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The decreased sorption by phosphorylated amidoalcohol esters with increased 

chain length is possible as the resin became less hydrophilic, reducing the accessibility of 

ligands to metal ions. For example, in Table 3-23, as the number of carbon atoms 

between the carbonyl and phosphoryl oxygen groups is increased from 2 to 3 to 5, the 

percent removal of Pb(II) decreased from 75% to 26% to 19% when the initial 

concentration of lead nitrate used was 1×10
-4

 N. Note that phosphorylated 2-(2-

amidoethoxy)ethanol and amidopentanol resins possess the same number of atoms i.e. 4 

C atoms and 1 O atom between the metal ion binding sites in the former and 5 C atoms in 

the latter case. The idea of accessibility can be tested by using macroporous resins instead 

of gel resins. Ether substitutents have been suggested for enhancing resin affinity by 

improving resin hydrophilicity.
31-34 

The influences of spacer group characteristics such as 

hydrophilicity on chelation had been investigated using piperazine and N, N’-

dimethylethylenediamine.
35

 The location of the spacer chain may also play a role in 

determining its function. For instance, spacer chains introduced between the polymer and 

the functional ligand enhanced flexibility of the ligand resulting in higher metal sorption 

capacities.
36, 37

 

The ether oxygen is weakly basic and can complex metal ions. This role of the 

ether oxygen participating in metal ion binding is debatable. Invasive studies such as 

solid state NMR or EPR would clarify how the metal ion binds to the ligand. The 

geometrical requirements for metal ion coordination would be determined so that 

orientation of the carbonyl oxygen and phosphoryl oxygen can be known. For example, 

the orientation afforded by ether oxygen in phosphorylated 2-(2-amidoethoxy)ethanol 

resins would not be possible for phosphorylated amidopentanol resins.   
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A. Intra-ligand metal ion complexation, “Y” = spacer chain of varying lengths. 
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  B. Inter-ligand metal ion complexation 
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   When the ligand is AEE, there can be involvement of the ether oxygen of the spacer chain. 

 

Figure 3-9 Mechanism of binding for metal ions for phosphorylated amidoalcohol resins 
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Poly(benzoyl phosphonate) resins showed a lower percent sorption for divalent 

metal ions as compared to 2-(2-amidoethoxy)ethyl phosphate resin and amidoethyl 

phosphate resin. For example, in Table 3-24, sorption of Pb(II) was found to be 57 % for 

the phosphonate resin while it was 75 % and 82 % for phosphorylated esters of 

amidoethoxyethanol and amidoethanol respectively (Initial concentration of lead nitrate 

solution used was 1×10
-4

 N). In addition, poly(benzoyl phosphonate) was less selective 

among the three resins compared in Table 3-25, with the smallest slope of 194 (slopes for 

amidoethoxyethyl and amidoethyl phosphates were 449 and 629 respectively). Benzoyl 

phosphonate resin followed the same order of affinity for divalent metal ions as the 

phosphorylated amidoalcohols. 

Acyl phosphonates contain a carbonyl group adjacent to the phosphonate while 

the phosphorylated amidoalcohol resins contain O-alkyl groups adjacent to the 

phosphoryl groups. Although phosphonates are stronger complexing agents compared to 

phosphates
38

,
 
the electron density of the P=O may be reduced by the presence of an 

electron withdrawing group such as C=O immediately adjacent to it.  

 Spacer participation in metal ion binding is possible if there is an electron 

donating group in the spacer chain.
39

 Enhanced sorption capacities of gold and palladium 

were attributed to the hydrophilicity from ethylene oxide and ethylene sulfide units in 

addition to the coordinating properties of donor atoms in spacers.
40

 The length of spacer 

can provide proper geometry of resin ligand for intramolecular metal complexation.
41, 42 

In another example, for several calix[4]crown-4 oligomers synthesized, the extraction of 

several transition metal ions, (Cu
2+

, Co
2+

, Ni
2+ 

and Hg
2+

), were fairly good in comparison 

with their monomers. The study implicated the presence of polyoxyethylene bridges of 
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the oligomers to account for the differences observed in selectivity and binding.
43

 Note 

that these extraction experiments were carried out with metal picrate salts in chloroform.  

3.4.3 Metal ion affinity analysis - B. Trivalent metal ions. 

 Carbonyl and phosphoryl involvement in metal ion extraction for lanthanides and 

transition metal ions have been investigated for small molecules
1 

and functionalized silica 

sorbents
30

 as well as organic polymer resins
11, 45

 and quantum mechanical studies
46

 

bearing similar functional groups. 

 The low affinity for trivalent metal ions Fe
3+

, Eu
3+

 and Al
3+

 by phosphorylated 

amidoethanol resins occurred because these metal ions were categorized as “hard” metal 

ions. A similar observation for divalent metal ions was made with the harder metal ions 

such as Ni
2+

 and Zn
2+

 having lower affinities. Introduction of the longer chain 

oxyethylene group increased capacity because of possible participation of the ether 

oxygen in metal ion binding.  

Involvement of ether oxygens was proposed for a series of phosphorylated glycol 

resins interacting with several trivalent metal ions.
44 

Resins containing ether linkages, 

showed a higher affinity for trivalents and almost none for divalents. Increasing chain 

length of ethers resulted in increased affinities among the trivalents, with a minimum of 

two glycol units required for high affinities. 

 Ketophosphonate resins showed better sorption for trivalent than for divalent 

metal ions. This can be explained by charge density of the trivalent ions compared to 

divalent metal ions, allowing the interactions between them to be stronger. A crosslinked 

polystyrene resin containing amine-N,N,N-triacetic acid functional groups generally was 
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found to show a higher affinity for trivalent metal ions compared to divalent metal ion, 

that is, Ga(III) > In(III) > Cu(II) > Al(III) > Eu(III) > Ni(II) > Zn(II) > Co(II).  

  

3.5 Conclusions  

 This research highlighted the analysis of resin selectivity with divalent and 

trivalent metal ions. It was found that determining that property of the metal ion which 

principally controls metal ion complexation was not always clear. It may be a 

combination of more than one factor(s). However, what was apparent was that 

correlations were present between metal ion and the ligand’s binding site. For example 

for the amidophosphates prepared, there was a relation between the polarisability of the 

metal ion and the coordinative sites at phosphoryl oxygen enhanced by the carbonyl 

group. This relation was most noticeable in poly(amidoethyl phosphate) and poly (2-(2-

amidoethoxyethyl phosphate) where the amount of metal ion complexed was higher. 

 The role of ligand geometry was investigated when a spacer chain was introduced 

between the carbonyl and phosphoryl binding sites. Increasing the spacer length made the 

ligand less able to complex metal ions, except when the spacer contained a donor group 

as in poly 2-(2-amidoethoxyethyl phosphate). Speculation on the role of the “O” in poly 

2-(2-amidoethoxyethyl phosphate) suggested that participation of the donor group (which 

affect the geometry of metal ion complex) and/or hydrophilicity of the ligand may be 

responsible for higher metal ion capacities. A comparison of poly (amidopentyl 

phosphate and poly 2-(2-amidoethoxyethyl) phosphate indicate a clear difference in the 

metal ion affinities. 
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 The results from the ketophosphonate resin indicate a higher affinity for trivalent 

metal ions. While this was not unexpected, these results when compared to the 2-(2-

amidoethoxy)ethyl phosphate resin cannot be readily explained. Further investigations 

into the preparation of the ketophosphonate resin may be helpful. as there were 

unexplained variations noted in the IR spectrum of this compound following the synthesis 

method proposed.  
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4 MOLECULAR RECOGNITION OF METHYL-t-BUTYL ETHER  

 (MTBE) BY FUNCTIONALIZED POLYMERS 

 

4.1 Introduction  

 Methyl-t-butyl ether (MTBE) has been detected in significant quantities in 

groundwater systems and drinking water wells in the U.S.
1-3

 Public awareness of and 

controversy about MTBE began in 1996 when seven wells that supplied 50% of the water 

to Santa Monica, California were shut down due to high MTBE concentrations (≈ 600 

µg/L).
4 

MTBE was added to gasoline in the 1970’s to improve the octane number as 

tetraethyl lead, an anti-knock ingredient in gasoline was being phased out. As a fuel 

oxygenate, MTBE’s usage increased, especially in areas with severe ozone pollution and 

during the winter months. It was added to reformulated gasoline (RFG) to comply with 

regulations mandated by the 1990 Clean Air Act Amendments (CAAA).
4 

Its large scale 

use was due to its low cost, ease of production, favorable transfer and blending properties 

with gasoline.
5 

Apart from its use as a fuel additive, MTBE was used in medicine for 

treatment of gallstones and for synthesis of other organic chemicals.
6
  

 Its presence in the environment was the result of leaking underground storage 

tanks (LUSTs) and associated piping, and spillage when vehicles and water craft were 

being refueled. Surface water body entry occurred when there was spillage during 

manufacture and transport of MTBE and gasoline containing MTBE through 

underground pipelines. Exhaust from automobiles account for a high percentage of 

MTBE emissions in air. In some states, such as California and New York, where there 
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have been especially high levels of MTBE reported, MTBE usage has been banned since 

2004.
7
 A Blue Ribbon Panel was convened by the EPA in 1998 to investigate water and 

air quality issues from the use of oxygenates in gasoline. Among their recommendations 

was reducing MTBE usage and removing the stipulation in the CAAA which states that 

2% by weight of RFG consist of oxygen.
2
 

 MTBE has a low molecular weight with a water solubility of 43 - 54.3 g/L and 

boiling point of 53.6 - 55.2°C.
8
 Its Henry’s law constant, KH

25°C 
is 0.026

9 
and log Koc is 

1.20.
8 

These properties make it easily transported and readily distributed in the 

environment. The concern about its distribution and occurrence as a result of its intensive 

use has led to the proposition of an acceptable standard for MTBE in drinking water set 

by U.S. EPA at 20-40 µg/L.
10 

The advisory was set to protect against potential health 

concerns and to establish groundwater cleanup standards. MTBE contaminated waters 

have an unpleasant taste and a distinct turpentine-like odor
11 

detectable at concentrations 

as low as 2.5 ppb.
12 

Testing would be required to determine the long term effects of 

MTBE exposure. Some animal studies have reported on its carcinogenicity.
13

 Although 

MTBE usage was addressing some air pollution problems by reducing carbon monoxide 

and ozone emissions, it was also creating new water pollution issues. Besides its 

occurrence in surface and groundwater, it caused gasoline solubility in water to 

increase.
14

 

 Some of the technologies available for MTBE removal include air stripping, 

advanced oxidation processes (ozone, UV, hydrogen peroxide addition),
15

 adsorption 

with granular activated carbon, membrane separation, pump-and-treat, and soil vapor 

extraction.
16

 Biological treatment of MTBE and tertiary-butyl alcohol (TBA), a 



 

 

112 

degradation product of MTBE and a contaminant of gasoline, has also been explored for 

MTBE remediation. Research in the area of aerobic and anaerobic biodegradation has 

been investigated, including the effect of the presence or absence of other contaminants 

on the degradation of MTBE.
17, 18 

Note that it is likely for compounds such as benzene, 

toluene, ethylbenzene and xylene (BTEX) to be present in areas polluted by MTBE.
19

 

Not all the above processes are economically viable. Several studies have compared the 

different methods for MTBE removal with respect to cost and effectiveness.
1, 16, 20, 21

 

 There is an interest to develop synthetic resin sorbents, as preliminary studies 

indicate that they can be economically competitive.
22 

The resin may be regenerated.
23 

In 

addition, resins can be prepared with surfaces of predetermined characteristics, so that it 

is possible to design a resin for a specific adsorption application. This chapter reports on 

some experiments geared towards designing polymer-supported reagents for MTBE 

removal with high affinities and selectivities. Several approaches were investigated to 

identify the factors involved in MTBE adsorption. These will be outlined in the next 

section.  

 Pore modification of resins was addressed as a means of improving extraction 

chromatographic resins (EXC), which can be applied in this research. EXC resins were 

made inefficient because of tailing observed upon elution of the sorbed material.
40

 

Tailing was believed to be due to the presence of stagnant pores within the resin. 

Experiments were designed to determine if “plugging” the micropores of the resin would 

reduce this effect.  
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4.2 Experimental   

 A summary of experiments is presented below. Details of the experimental 

methods and conditions used in analysis can be found in Chapter 5. MTBE sorption with 

resins was investigated as follows: 

1. Investigating resin structure and functional groups – To develop a resin for MTBE 

sorption, the variables considered were: polymer backbone structure, % crosslink (i. e. % 

divinylbenzene (DVB)), % porosity and type of complexant. 

a. Polymer supports investigated were poly(vinylbenzyl chloride) (VBC), poly(styrene) 

(PS), poly(butyl acrylate), poly(4-acetoxystyrene) (AcSty), poly(vinylbenzyl chloride): 

styrene (VBC:sty) 

b. Macroporous resins (MR) of different crosslink levels (% DVB) were prepared - 5 % 

DVB MR, 12 % DVB MR, 40 % DVB MR. 

c. Complexants such as calixarenes, phosphorylated calixarenes, hydroxy, phosphonate 

esters, phosphonic acid, ethers (triethylene glycol (TEG), triethyleneglycol monomethyl 

ether (TEGME), (tripropyleneglycol monomethyl ether (TPGME)) and amines (N-

methyl-D-glucamine, trihexylamine, dimethylamine) were immobilized. Polystyrene was 

acetylated, nitrated and brominated.  

 All resins examined were listed in Table 4-1. Batch equilibrium adsorption 

experiments were performed and the aqueous solution analyzed for MTBE using a GC / 

FID. Details of the operating conditions of GC / FID can be found in Chapter 5. 

 

2. Solvent extraction studies – I. A series of liquid-liquid extraction experiments using 

each of the following extractants was carried out: butylbenzene, p-xylene, mesitylene, 
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chlorobenzene, 4-chlorotoluene, m-nitrotoluene, isooctane, 2-ethyl-1-hexanol and 

toluene. It was important that the solvents chosen were all liquids at room temperature 

and pressure and insoluble in water. Ten milliliters of a 150 ppm MTBE solution was 

contacted with 5 mL of the complexant. The aqueous phase was analyzed for MTBE after 

a 2 h contact time while shaking on a Burrell Wrist Action Shaker. One microliter of the 

aqueous phase was removed and injected into the GC.  The parameters for analysis with 

GC / FID were kept the same as for the analysis of the aqueous phase with batch 

experiments with resins. These experiments were useful for determining the type of 

complexants that had high affinities for MTBE. 

Solvent extraction studies – II. The liquid-liquid extraction experiments were expanded to 

investigate the effect of MTBE sorption in the presence of a more hydrophobic 

contaminant such as benzene (quite common in natural environments). This was 

applicable since in nature, MTBE was found in the presence of contaminants of this type. 

Fifteen milliliters of a solution (containing 150 ppm benzene and 150 ppm MTBE) was 

placed in a 20 mL screw capped vial. Five milliliters of the extractant was then added and 

the mixture shaken for 2 h. The aqueous phase was analyzed for MTBE.   

 

3. Preparation of extraction chromatographic resins  

 One way of combining the above investigations was to prepare extraction 

chromatographic resins. One gram vacuum dried XAD-4 was stirred overnight in 100 mL 

toluene with 20 mL p-cresol. The resin was separated from the solution by filtration and 

washed with water.  The resin was dried for 5 h under the hood and then transferred to 

the oven and kept for 17 h at 110 degrees. The resin was contacted with 20 mL of 
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aqueous MTBE solution (150 ppm) and shaken for 17 h. The aqueous phase was 

analyzed for MTBE.  

 

4. Alteration of pore structure of resin and influence on MTBE sorption  

 The resins used for modification were XAD-4 [Styrene – DVB copolymer, MR, 

Surface area = 780 m
2
/g, pore size = 50 °A, (Supelco, PA)], pre-filter resin, PF-B100-A 

[polyacrylate, MR (Eichrom Technol., IL)]. Modified resins were analysed with a TriStar 

3000 porosimeter for changes in surface area. The samples were first vacuum oven dried 

at 70 °C for 6 h and then degassed with nitrogen at 50 °C for 2 h. The following were the 

pore modification experiments undertaken. 

Procedure I - 1 g of resin was contacted with 0.5 mL vinylbenzyl chloride (VBC), 10 mL 

of 1% benzoyl peroxide (BPO) and 10 mL methanol in a capped flask for 24 h. The 

methanol was removed in a rotary evaporator and then capped before placing in the oven 

for 24 h at 70 °C. The resin was air dried. 

Procedure II - 1 g of resin was contacted with 5 mL VBC and 1% BPO for 24 h in a 

capped vial. The contents was emptied into a frit funnel for 10 s and 5 mL acetone 

allowed to pass through, turning on vacuum for another 5 s. The vial was capped and put 

in the oven for 24 h at 70 °C. 

Procedure III - 1g of resin was contacted with 5 mL acrylonitrile containing 1% BPO for 

24 h. The solvent was removed with a pipette and the vial capped and placed in an oven 

set to 70 °C for 24 h. 
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4.3 Results and Discussion 

 A method for analysis of MTBE from aqueous media was developed. There were 

several methods for analysis of volatile organic compounds (VOC), but not all were EPA 

validated for environmental analysis of highly water soluble ethers such as MTBE. 

Modification of existing methods was necessary to get accurate results. In addition, 

factors such as the sample matrix, length of analysis, reliability and instrumentation had 

to be considered before choosing a method.
24

 

 Method 8015 was optimized and implemented. This is an EPA SW-846 

determinative method for MTBE using a Gas Chromatograph with Flame Ionization 

Detector (GC/FID) system. A detailed account of the modified method can be found in 

Chapter 5. It was appropriate to use this method since analysis of the batch equilibrium 

adsorption experiments contained only MTBE. Initial experiments involved injecting 

MTBE-spiked samples directly into the GC using a 1 microliter Hamilton 700 series 

syringe. MTBE was identified by its retention time of 2.28 mins on the chromatogram 

(Figure 4-0). A modified sample preparation method following the guidelines of EPA 

Method 5030 enabled the analysis of parts per billion (ppb) levels of MTBE.
25 

The 

method required the attachment of a purge and trap ensemble for extracting the 

hydrophilic volatile organic compound (VOC) from aqueous solution prior to its entry in 

the GC. The use of this method would eliminate problems of water injections into GC.
27 

See Chapter 5 for method description. A method was developed and a sample 

chromatogram is presented in the Appendix section V. Note that the results presented in 

the thesis are representative of analyses in the absence of the purge and trap. 
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Figure 4-1 MTBE spiked sample (150ppm) analyzed with GC/FID 
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 Hydrophobicity and porosity were key variables in MTBE sorption. XAD-4, a 

porous, cross-linked polystyrene resin had a high MTBE affinity, while polystyrene resin 

at lower crosslink levels do not remove MTBE significantly (Table 4-1). 40% DVB poly 

(VBC) macroreticular (MR) resins performed well. Lowering the percent crosslink makes 

the support less efficient. However, a polystyrene or a poly(vinylbenzyl chloride:styrene) 

(poly(VBC:sty)) matrix can be quite efficient at lower crosslink levels compared to other 

supports. Porosity was also a factor in MTBE sorption and MR resins were prepared and 

used in this study. MR resins contain pores that allow greater accessibility for MTBE. 

Ligands were immobilized on supports containing low cross-link levels to investigate 

whether there can be an interaction between that ligand and MTBE that can account for 

MTBE sorption.  

 The complexants investigated (Table 4-1), suggested that none of immobilized 

ligands significantly affected MTBE sorption, with the exception of phosphorylated 

calixarene (resin code XZ 01-067). They may form complexes within their cavity 

structures due to their orientation of the ligands on the polymer. Calixarenes can form 

complexes with neutral organic molecules in solution (host-guest concept recognition).
26

  

 The use of sorbents in remediation of water containing organic compounds has 

been reported.
21, 24 

Optipore L493, for example, has proved effective for collecting 

analytes such as BTEX and chlorinated hydrocarbons. The most common sorbent for 

MTBE removal is granular activated carbon (GAC). GAC has a high surface area and a 

large capacity for adsorbing organic compounds. GAC however becomes saturated 

quickly and needs to be replaced or regenerated.
28 

The high costs incurred as a result 

make its use not economical and the performance of the activated carbon varied.
1, 29 
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Table 4-1 Resins and percent removal of MTBE after 17h shaking. (RSD = 6.7%) 

 

Resin code Matrix Ligand Characterization Percent 

removal 

MTBE 

XZ-01-050 VBC 

5% DVB MR 

None N. A. 0.0 

LD 02-078 Phenol/ 

formaldehyde 

Hydroxyl N. A. 6.2 

 

AP 01-040 4 AcSty 

12% DVB 

MR 

-C(O)CH3 N. A. 5.6 

AP 01-045 Butylacrylate 

12% DVB 

MR 

-COOC2H5 

 

N. A. 7.7 

AP 01-022 VBC 

12% DVB 

MR 

None 

 

 

 

N. A. 24.5 

SN 03-015 VBC 

12% DVB 

MR 

 

None N. A. 9.2 

CL 01-264 

 

VBC 

16% DVB 

MR 

None N. A. 7.0 

RB 05-227 

 

VBC 

40% DVB 

MR 

None N. A. 80.7 

AP 01-016 25:75 

VBC:sty 

5% DVB MR 

 

None N. A. 25.6 

 

AP 01-020 

25:75 

VBC:sty 

12% DVB 

MR 

None N. A. 0.0 

AP 01-018B PS 

12% DVB 

MR 

None N. A. 19.0 
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Table 4.1 (cont’d) 

 

Resin code Matrix Ligand Characterization Percent 

removal 

MTBE 

AP 01-052 4 AcSty 

12% DVB 

MR 

Phosphonate diethyl 

ester 

P capacity = 

1.94mmol/g 

 

3.4 

 

 

XZ 01-032B VBC 

5% DVB MR 

Calixarene N. A. 0.0 

XZ 01-067 VBC 

5% DVB MR 

Phosphorylated 

Calixarene 

P capacity = 

0.58mmol/g 

37.2 

 

LD 02-082 VBC 

12% DVB 

MR 

TEGME N. A. 3.4 

LD 02-081 VBC 

12% DVB 

MR 

Trihexylamine N elemental = 

0.38mmol/g 

0.0 

LD 02-088 VBC 

12% DVB 

MR 

Dimethylamine 

 

 

N. D. 0.4 

AP 01-042 VBC 

12% DVB 

MR 

TPGME N. A. 16.5 

AP 01-030 VBC 

12% DVB 

MR 

Phosphonate dibutyl 

ester 

P capacity = 

1.89mmol/g 

 

9.3 

AP 01-023 VBC 

12% DVB 

MR 

Dihexylamine N capacity = 

1.97mmol/g 

0 

 

AP 01-021B VBC 

12% DVB 

MR 

Polyamine N. D. 5.7 

 

LD 02-097 VBC 

12% DVB 

MR 

Pb impregnated 

Phosphonic acid 

N. D. 12.0 

AP 01-018a 25:75 

VBC:sty 

5% DVB MR 

Phosphonate dibutyl 

ester 

N. D. 8.5 
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Table 4.1 (cont’d) 

 

Resin code Matrix Ligand Characterization Percent  

removal 

MTBE
a
 

AP 01-028 25:75 

VBC:sty 

12% DVB 

MR 

Dihexylamine N capacity = 

1.022mmol/g 

5.1 

LD 02-086 25:75 

VBC:sty 

12% DVB 

MR 

 

Trihexylamine N capacity = 

0.55mmol/g 

16.3 

 

 

AP 01-031 25:75 

VBC:sty 

12% DVB 

MR 

Phosphonate dibutyl 

ester 

 

 

P capacity = 

1.075mmol/g 

15.1 

LD 02-092 PS 

12% DVB 

MR 

NO2 N. D. 4.5 

LD 02-098 PS 

12% DVB 

MR 

Br Br elemental = 

2 mmol/g 

0 

XAD-1 PS DVB 

Surface area = 

100m
2
/g 

None N. A. 26.0 

XAD-4 PS DVB 

Surface area = 

780m
2
/g 

Pore size = 50 

Angstroms 

None N. A 86.5 

GAC Highly porous 

carbon 

 

None N. A. 93.3 

 

a
 % MTBE removed = {([MTBE]initial – [MTBE]experimental)/[MTBE]initial}× 100 

N.A. = not applicable 

N.D. = not determined
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In a study comparing sorption of o-xylene, MTBE and TBA by several synthetic 

resins (Ambersorb 563, Dow Optipore L493, Amberlite XAD-4 and Amberlite XAD-7), 

o-xylene was preferred over MTBE and TBA.
29

 Ambersorb 563 and 572 (Rohm and 

Haas Co., Philadelphia) was found to be efficient in the removal of MTBE from water 

that has been contaminated, relative to GAC.
30

 It was concluded from the study that 

Ambersorb 563 and 572 were the most promising sorbents for MTBE removal. Other 

sorbents such as zeolites with high SiO2/Al2O3 ratios retained 8-12 times more MTBE 

than activated carbons from solutions of 100µg/L MTBE.
33

 

 Solvent extraction experiments were conducted to determine for a series of 

complexants, which ones have an affinity for MTBE. In this way a better understanding 

of the nature of the molecular interactions between MTBE and groups with different 

functionalities can be obtained. Molecules which showed high affinity for MTBE would 

be possible choices of chemical groups for immobilization on polymer supports. Most 

solvents in Table 4-2 had comparable affinity for MTBE: p-cresol and 2-ethyl-1-hexanol, 

however, showed the greatest (percent MTBE removal was 100 %).  

 Trace quantities of an organic compound were added to MTBE solutions in order 

to determine whether any conclusions could be made with respect to selectivity. Benzene 

was chosen. Note that in the environment, it is common for MTBE to be accompanied by 

BTEX compounds.
32 

A solution was prepared containing 150 ppm of MTBE and 150 

ppm of benzene. It was found that the presence of benzene caused a reduction in percent 

MTBE removal, however, p-cresol retained its high affinity for MTBE (Table 4-3). 
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Table 4-2 The affinity of different solvents for MTBE 

 

Solvent Percent removal MTBE 

 

4-chlorotoluene 

 

90.3 

m-cresol 

 

97.7 

p-cresol 

 

99.9 

cyclohexanol 

 

92.4 

2'- hydroxyacetophenone 

 

79.1 

methoxybenzylphenol 

 

95.7 

toluene 

 

90.8 

toluene & tributylphosphite 

 

90.9 

butylbenzene 

 

95.7 

p-xylene 

 

92.6 

mesitylene 

 

91.4 

chlorobenzene 

 

94.6 

m-nitrotoluene 

 

83.0 

isooctane 

 

90.6 

2-ethyl-1-hexanol 

 

                              100.0 
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Table 4-3 The affinity of different solvents for MTBE in the presence of benzene 

 

Solvent Percent removal MTBE 

 

4-chlorotoluene 

 

90.0 

p-cresol 

 

100.0 

cyclohexanol 

 

64.6 

toluene 

 

92.7 

butylbenzene 

 

87.0 

p-xylene 

 

90.7 

mesitylene 

 

81.7 

chlorobenzene 

 

85.5 

m-nitrotoluene 

 

72.2 

isooctane 

 

79.5 

2-ethyl-1-hexanol 

 

                                91.4 
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 Extraction chromatographic resins (EXC) are useful in metal ion separations.
35-39 

These resins combine the advantages of high selectivity of solvent extraction and the 

simplicity and high efficiency of ion exchange while overcoming the pollution issues of 

conventional solvent extraction. There has been some evaluation of amino acid sorption 

on solvent impregnated resins.
39 

P-cresol was chosen for impregnation in the resin based 

on results in Tables 4-2 and 4-3. Preparation of an EXC containing p-cresol was not 

successful. This was concluded by comparing IRs of XAD-4 before and after treatment 

with p-cresol which did not indicate any differences in their spectra such as presence of –

OH stretch around 3200 cm
-1

. 

 Investigations of a method to plug the micropores of some commercial resins 

were carried out. This was important as a means of improving the separations of metal 

ions in EXC resins by reducing tailing.
38

 Secondly, the ability to successfully regenerate 

the resin may be impeded by the presence micropores within the bead. If these stagnant 

pores are removed, then the regeneration of the resin can be more efficient. Changes in 

surface area were used to determine the success of the pore-plugging experiments. It was 

observed (Table 4-4), that procedure II changed the pore surface area the most 

drastically. Additional measurements such as pore volumes and areas as well as sizes and 

distributions would be taken for further analysis. These properties of resins are important 

since the physical characteristics of the resin affect its performance in the sorption of 

MTBE.  
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Table 4-4 Results of different pore-plugging experiments and XAD-4 

Method B.E.T (m
2
/g) 

Treated (untreated) 

Procedure III  
a
534 (812) 

Procedure I and XAD-4 

Procedure I and PF-B100-A 

695 (776) 

90 (483) 

Procedure II and XAD-4 

Procedure II and PF-B100-A 

80 (776) 

54 (483) 

 

a 
These results were obtained with a Micromeritics Gemini 2375 surface area analyzer. 

 

 

Table 4-5 Prepared resins (not yet tested) 

 

Resin code Matrix Ligand  Characterization 

AP 01-201 Amberlite IR-120 

Ion exchange 

resin, gel 

Trimethydodecylammonium 

bromide 

      N capacity = 

       1.51mmol/g 

AP 01-203 VBC 2% DVB 

gel 

Phenol      Cl capacity = 

            0mmol/g 

AP 01-208 Amberlyst 15 

Ion exchange 

resin, MR 

Trimethyldodecylammonium 

Bromide 

      N capacity = 

     1.035mmol/g 

AP 01-209 VBC 2% DVB 

gel 

Phenol and 

diphenylphosphate 

      P capacity = 

    1.465mmol/g 

AP 01-070 4-VP 

12% DVB MR 

- N capacity = 

5.341mmol/g 

AP 01-074 GMA, 8% DVB 

MR 

 

Na salt of dodecanol N. A. 
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4.4 Conclusions and Future Directions  

 A ligand showing significant recognition for MTBE has not been found. 

However, some ligand properties have been identified and confirmed such as 

hydrophobicity and polarity to be important in ligand design. The resin should be porous. 

Calixarenes can be potential ligands for MTBE sorption and this should be investigated 

further. Table 4-5 illustrates a further set of resins which have been synthesized for 

testing with MTBE solutions. The table contains some ionic resins which improves the 

hydrophilicity of the resin allowing for compatibility of MTBE and resin. 

 The liquid-liquid extraction studies were helpful in choosing appropriate solvents 

for preparation of extraction chromatographic resins and also in designing better ligands 

for immobilization on polymers. To quantify different solvents used in these studies, it 

would be better to change the detector in GC from FID to MS for accurate identification 

of compounds. Also, implementation of the method developed using the purge and trap 

will be useful for further work. Modification of the method for preparation of EXC resins 

would be necessary.  

 Preliminary work suggested that pore-plugging of resin was feasible. 

Investigations of the type of pores plugged and its effect on tailing would be required.          
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5 EXPERIMENTAL SECTION  

 

5.1 Polymer preparation and Metal ion contact study 

procedures 

5.1.1 Materials 

 Monomers, DVB (55.4% purity) and VBC (97% m-and p- isomers) were obtained 

from Sigma-Aldrich. All other chemicals were purchased from Fisher Scientific. All 

chemicals were used as received. Reagents for metal ion contact experiments and 

elemental analyses were of analytical grade purity. Ultrapure water (18 MΩcm
-1

) used for 

synthesis and analysis was obtained from a Barnstead Nanopure unit, Barnstead USA. 

Precise temperature control of reactions was regulated by Therm-O-Watch devices. 

5.1.2 Polymer syntheses 

5.1.2.1 Copolymer synthesis (Preparation of VBC - 2 % DVB gel copolymer) 

 Vinylbenzyl chloride/divinylbenzene (VBC/DVB) beads were synthesized by 

suspension polymerization. The amounts indicated in the following procedure were for a 

typical preparation of 150 g of gel beads with a 2 % crosslink level. The organic phase 

consisted of dissolving 1.5 g BPO in 143 g VBC and 5.4 g of DVB with stirring. The 

organic phase was sparged for 5 min with nitrogen. The aqueous phase contained 28 g 

calcium chloride dihydrate and 1.28 g poly(vinylalcohol) (PVA) (tradename Gohsenol) in 

250 mL water. The aqueous phase was heated to completely dissolve the PVA. Once 

dissolved, it was poured into a 500 mL 3-neck flask and sparged with nitrogen for 10 
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mins. The flask was equipped with an overhead stirrer, thermometer with a temperature 

controller, and a nitrogen gas inlet area.  

 The stir paddle was adjusted so that the top of the paddle was just above the 

aqueous phase in the flask. The organic phase was added and the nitrogen sweep turned 

on. The stir motor was turned on for 2 mins. The bead size was checked and the stir speed 

adjusted. This was repeated twice. The temperature was then increased at a rate of 7° C / 

15 min to 80° C over 2 h. The beads were stirred at 80 °C for 10 h.  

 At the end of polymerization, 100 mL of water was added and the beads refluxed 

for 2 h. The beads were washed with 100 mL methanol and 100 mL water. They were 

Buchner dried and then purified by extraction with toluene in a soxhlet extraction 

apparatus for 17 h. The beads were placed in a drying dish under the fumehood and 

sieved using U. S. standard screens. 

5.1.2.2 Synthesis of carboxylic acid resin
1
 

 In a 500 mL, three-neck round-bottomed flask, 30 g of sodium bicarbonate and 70 

mL dimethyl sulfoxide were added and stirred for 2 hours. In a 100 mL beaker, 10 g of 

VBC beads were swelled in 80 mL dimethyl sulfoxide for 2 hours. The beads were added 

to the stirred bicarbonate / dimethyl sulfoxide mixture, using 40 mL of dimethyl 

sulfoxide to effect complete transfer of beads. The reaction was stirred at reflux for 20 

hours. On completion of the reaction, the solution was removed and beads were washed 

with 100 mL methanol and then 100 mL water. The beads were next swollen in 60 mL of 

70% aqueous dioxane for 1.5 hours. To the swollen beads, 130 mL of 3 N nitric acid 

solution was added and the mixture was heated at reflux for 24 hours. After this reaction, 

the beads were washed with 100 mL water (3 times) and separated from the nitric acid 
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solution. The beads were swelled in 60 mL dioxane for 1.5 hours followed by the 

addition of 100 mL hydrogen peroxide (30 wt. %). The beads were heated to 80 degrees 

for 24 hours. Beads were recovered by filtration and washed with 100 mL water (3 

times).  

5.1.2.3 Synthesis of acid chloride resin 

 Five grams of vacuum dried (6 hours at 70 degrees) carboxylic acid resin were 

placed in a 250 mL three neck round-bottomed flask. To the beads, 50 mL thionyl 

chloride was added and the beads swelled for 1 hour. The mixture was refluxed for 48 h 

hours (17 h was a sufficient time for this reaction to obtain the same degree of 

functionalization). The beads were filtered and washed with 50 mL toluene (3 times). 

  

5.1.2.4 Synthesis of carboxamide resin 

 Seven grams of acid chloride beads were swelled in 50 mL acetonitrile. After 1.5 

hours, a solution of 60 mL diethylamine and 90 mL acetonitrile was added to beads and 

the reaction was carried out at 25 degrees for 17 hours. After the removal of the mixture, 

the beads were stirred in 50 mL methanol for 2 hours before washing with 50 mL water 

(2 times). 

5.1.2.5 Synthesis of phosphonate ester resin
2
 

 Eight grams of VBC copolymer was placed in a flask to which 100 mL triethyl 

phosphite was added. After a contact time of 1 hour, the reaction mixture was heated to 

reflux for 17 hours. The beads were washed with 100 mL acetone (3 times).  
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5.1.2.6 Synthesis of 2-(2-aminoethoxy)ethanol resin  

 Four grams of VBC beads were swollen in 50 mL N-methyl pyrrolidone (NMP) 

for 1½ h. Fifty milliliters AEE and 50 mL NMP were mixed and then added to the flask 

containing the swollen beads. The temperature was slowly increased to 80 °C over 2h 

while stirring for 17 h. The reaction contents were filtered and the beads washed with 100 

mL NMP and 100 mL water. 

5.1.2.7 Synthesis of 2-(2-aminoethoxy)ethyl phosphate resin  

 In a flask containing 2.4 g (aminoethoxy)ethanol resin that was vacuum oven 

dried at 70 °C for 6 h, 50 mL NMP was added. The beads were swelled for 1 h, after 

which 5.5 mL DECP was introduced with stirring (or an amount equivalent to 5 times the 

mmol of N on resin). The beads were stirred at room temperature for 17 hours. The 

solution was removed and the beads were washed with 100 mL methanol and 100 mL 

water.  

5.1.2.8 Synthesis of benzoylphosphonate diester 

 Five grams of acid chloride resin was swelled in 50 mL triethyl phosphite for 1 

hour in a three neck round bottomed flask. The beads were refluxed for 17 hours under a 

nitrogen sweep. Upon removal of solvent with a gas dispersion tube, 50 mL methanol 

was added and the beads stirred for another 2 hours at room temperature. The beads were 

washed with 50 mL acetone (2 times) and then 50 mL water. 

5.1.2.9 Synthesis of amidoethoxyethanol resins 

 Five grams of acid chloride resin were swelled in 100 mL acetonitrile for 1h. To 

the beads, a solution of 20 mL aminoethoxyethanol in 50 mL acetonitrile was added and 
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the beads were heated to 60 degrees for 10 hours. After the reaction had finished, the 

solution was removed and 50 mL methanol was added. The beads were stirred for a 

further two hours at room temperature before washing with water.  

5.1.2.10 Synthesis of other amidoalcohol resins 

 The synthesis of other amidoalcohol resins followed the same procedure as above.  

The solvent used was dioxane (there was no difference in appearance of reaction with 

dioxane compared to acetonitrile in the presence of aminoalcohols). 

5.1.2.11 Synthesis of phosphorylated amidoalcohol resins 

 This resin was synthesized with 2.5 g of amidoalcohol resin swelled in 50 mL 

pyridine for 1 hour. Ten milliliters of DECP were added and the beads stirred at room 

temperature for 17 hours. The beads were washed with 50 mL methanol and 50 mL 

water.   

5.1.2.12 Synthesis of methyl ester resins 

 These resins were synthesized by adding fifty milliliters of methanol to 2 g of acid 

chloride resin and stirring at room temperature for 2 hours. The reacting solvent was 

removed and the beads were washed with 50 mL water (twice). 

5.1.2.13 Synthesis of glycol esters 

 Two grams of acid chloride resin was placed in a 3 neck flask. The beads were 

swelled in 50 mL dioxane for 1 hour. To the swollen beads, 15 mL ethylene glycol was 

added and the beads were refluxed for 17 hours. Upon removal of the reactants, the beads 

were washed with 50 mL methanol and 50 mL water. 
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5.1.3 Resin treatment & characterization procedures 

5.1.3.1 Buchner dried resins 

 Resins were stored in water after conditioning and were vacuum filtered to 

remove excess moisture, before using for characterization e. g. acid capacity 

determinations and also metal ion contact studies. Wet resin was placed in a Buchner 

funnel and covered with a piece of latex, held in place with a rubber band. A vacuum of 

710 mm Hg was applied for 5 minutes. 

5.1.3.2 Percent solids determination 

 A 20 mL glass vial was heated in a 110°C oven for about 2 h. After cooling, the 

vial was accurately weighed. About 0.5 g of Buchner dried sample was weighed (to four 

decimal places) into the vial. The sample was dried for 17 h in the 110 °C oven and after 

cooling to room temperature in a dessicator, the sample was weighed.  The solids % was 

then calculated using the formula,   

   Percent solids = (g dry/g buchner dry) × 100 

 

 

5.1.3.3 Acid capacity determination 

 About 0.5 g of Buchner dried resin (that was conditioned with 1L each of 4 wt. % 

NaOH – water – 4 wt. % HCl – water) was accurately weighed into a 250 mL Erlenmeyer 

flask. 50 mL of a standardized 0.1 N NaOH with 5 wt.% NaCl was added and the flask 

was covered with parafilm. The flask was shaken at a speed of 200 rpm for 17 h on a DS 

500 Orbital Shaker. Ten milliliter aliquots were carefully pipetted out (care was taken not 
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to remove any beads with the solution) and titrated with standardized 0.1 N HCl solution. 

The indicator used was phenolphthalein. A control titration using 10 mL of solution 

without bead contact was carried out. The acid capacity was calculated by the following 

equation. 

ACID CAPACITY = {(vol. of HCl control – vol. of HCl sample) × 5 × (N HCl)}/ (dry wt. of  

           resin) 

 

5.1.3.4 Nitrogen capacity determination 
3,4

 

 About 0.2 g of dry resin was accurately weighed into a 500 mL 3-neck round-

bottom flask. To this 0.25 g CuSO4, 10 g K2SO4 and 25 mL 98% H2SO4 was added and  

some boiling chips. A long condenser (not attached to water supply) was connected to 

one of the openings and the other two openings were stoppered. The mixture was gently 

heated at first for about 1 h and then vigorously heated until the beads disappeared and 

the solution looked light blue in color (usually 6 h).  

 The condenser was then rinsed with minimal amounts of distilled water, and a 

magnetic stir bar added to the flask. About 100 mL of distilled water was added and the 

solution stirred. The condenser was replaced by a distillation apparatus and an addition 

funnel was placed on one end. The open end of the condenser was connected to a funnel, 

with the wide end of funnel immersed in 50 mL of a standardized 0.1 N HCl solution in a 

600 mL beaker. The addition funnel was filled with 150 mL 6N NaOH. The NaOH 

solution was slowly added to the round-bottom flask, while the solution was being 

stirred. The solution should look dark-brown in color. The solution was heated so that the 

liquid can be distilled into the beaker containing standardized HCl. After about 35-45 
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minutes, the pH of the distillate was checked for neutrality using universal indicator 

litmus paper. 

 Once the solution was neutral, the solution was quantitatively transferred to a 250 

mL volumetric flask and diluted to the mark with distilled water. Twenty five milliliter 

aliquots of solution was removed and titrated with bromocresol green indicator. The 

nitrogen capacity was calculated.  

N CAPACITY = {(vol. of NaOH control – (vol. of NaOH sample×2)) × 5 × ( N NaOH)}/gresin 

5.1.3.5 Phosphorus elemental analysis 

 All glassware was cleaned in an acid bath (solution containing Nochromix and 

concentrated sulfuric acid). Twenty milligrams of oven-dried resin was accurately 

weighed into a 125 mL Erlenmeyer flask. To this, 2 mL of 0.02 M CuSO4 was added 

followed by 10 mL 98 % H2SO4. The mixture was heated for 2 h on a hot plate set at a 

medium-high setting. After cooling, 75 mL distilled water and 2.0 g of potassium 

persulfate were added and the mixture heated for another 2 h on a medium-low setting. A 

solution of 50 wt. % sodium hydroxide was added dropwise until the solution just turned 

brown. A 2 wt. % sulfuric acid solution was added until the pH became neutral. This 

solution is quantitatively transferred to a 100 mL volumetric flask. A 25 mL aliquot was 

transferred to a 50 mL volumetric flask followed by 10 mL of the indicating solution 

(vanadate-molybdate solution)*. A blank solution was prepared containing the 10 mL of 

the vanadate-molybdate solution. The solutions were diluted to the mark and allowed to 

develop for 15 min. A Spectronic 20D+ spectrophotometer (Thermo Electron 

Corporation), set at 470 nm was zeroed with the blank before determining the absorbance 

of the sample solution. Standard solutions of potassium dihydrogen phosphate were 



 

 

140 

prepared and used to determine the slope and y-intercept of absorbance vs. concentration 

curve. The phosphorus capacity was determined from the following equations. 

 mgL
-1

 P = (absorbance – intercept) / slope 

 (mgL
-1

 P × 50) / 1000 = mg P 

 P cap. = (mg P × 4) / (30.974mg/mmol × g resin) 

*Preparation of vanadate-molybdate indicating solution  

 This solution is prepared by dissolving 25 g of ammonium heptamolybdate 

tetrahydrate in 300 mL water in a beaker. In another beaker, 1.28 g of ammonium 

metavanadate is dissolved in 300 mL water with heating, followed by 330 mL 12 N HCl. 

Both solutions were added to a 1 L volumetric flask and diluted to the mark with distilled 

water.  

5.1.3.6 Chlorine elemental analysis 

 A Parr bomb calorimeter was used to burn the sample. The cylinder was rinsed 

with nanopure water and 5 mL of a 5 wt% Na2CO3 was added. About 0.1 g of oven-dried 

resin was accurately weighed into the metal capsule followed by 0.7 g mineral oil (the 

total weight should not exceed 1.0 g). The capsule was placed in the holder and a 10 cm 

long nickel alloy fuse wire was threaded through the bomb stem holes and positioned so 

that the wire sits above the oil, without touching the oil or sides of the capsule. The 

cylinder was capped and purged with oxygen gas (at least 2 times – about 30 atm of 

oxygen was added and released each time). On the third addition of oxygen, the gas was 

not released and the calorimeter was submerged in a water bath and connected to the 

bomb ignition unit. The bomb was ignited, and kept in the water bath for about 5 mins. 

The oxygen gas was released and upon opening the cap, the contents of the calorimeter 
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were carefully washed into a 500 mL beaker and then transferred to a 250 mL volumetric 

flask.  

 Two 25 mL aliquots were removed and placed separately in two 125 mL 

Erlenmeyer flasks. To these solutions, 3 mL of 2 N HNO3 were added followed by 10 mL  

of 0.05 N AgNO3 solution. The solution was heated until boiling and then allowed to cool 

in a dark place. The boiled samples were filtered and then titrated with 0.05 N NH4SCN 

using 3 mL of FeNH4(SO4)2 as the indicating solution. A faint orange color denotes the 

end-point of the titration. A blank solution containing 10 mL AgNO3 and indicating 

solution was titrated. 

Chlorine capacity calculation: 

Cl CAPACITY = {(vol. of NH4SCNcontrol – vol. of NH4SCNsample) × 10 ×  

         (N NH4SCN)}/gresin 

5.1.3.7 Infrared spectroscopy  

 FTIR spectra (4000-500 cm
-1

) of resins using the KBr pellet method were taken 

on a Bomem FTIR spectrophotometer (Hartmann and Braun). About 10 mg of resin was 

ground with 100 mg KBr and compressed using a press until a clear disc forms.
5 

 

5.1.4 Contact study procedures for metal ions 

5.1.4.1 Metal ion solution preparation 

Each metal ion solution was prepared in concentrations of 10
-2 

N using nanopure 

water and reagent grade metal nitrates and acids in a 100 mL volumetric flask. Contact 

solutions were prepared by subsequent dilutions of the stock metal ion solution in 

volumetric flasks. All solutions had a concentration of 10
-4

 N.  
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5.1.4.2 Metal ion contact study experiments 

A mass of resin corresponding to 0.28 - 0.34 mmol functional group was weighed 

out into a 20 mL PTFE scintillation vial. The resin was solvent exchanged three times 

with 5 mL of the background solution. This was done by placing the resin with solution 

on an orbital shaker for 15 mins, removing the solution from the beads with a Pasteur 

pipet ensuring that beads were not lost in the process. After the removal of the last 

exchange solution, the contact solution (5 mL) was added and the beads placed on the 

shaker (VWR DS500 Orbital Shaker) for 17 h. The contact solution was removed with a 

Pasteur pipet and placed in a clean polyethylene terephthalate scintillation vial for 

analysis. The results of the contact study were expressed as percent metal ion (% M
n+

) 

complexed and distribution coefficient values (D), defined below: 

% M
n+

 complexed = {([M
n+

(aq)]initial – [M
n+

(aq)]equilibrium) /[M
n+

(aq)]initial} × 100 

    D = (mmol M
n+

]resin/gresin)/(mmol M
n+

]soln/mLsoln) 

5.1.4.3 Metal ion determination by Inductively coupled plasma – atomic emission 

spectroscopy (ICP-AES) 

The contact solutions were analyzed by ICP-AES (Spectra Analytical 

Instruments, Spectroflame M120E). Each analyte was determined at a specific 

wavelength listed in Table 5-1. 
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Table 5-1 Selected wavelengths for metal ions analyzed. 

 

Metal ion 

 

Wavelength 

(nm) 

Pb(II) 

 

220.353 

Cd(II) 

 

228.802 

Cu(II) 

 

224.700 

Ni(II) 

 

221.647 

Zn(II) 

 

213.856 

Al(III) 

 

167.083 

Fe(III) 

 

259.940 

Eu(III) 

 

381.970 
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5.2 Polymer preparation & MTBE contact study procedures  

5.2.1 Materials  

MTBE used was 99% pure (Fisher Scientific). Water for dilutions was obtained 

from a Barnstead Nanopure unit, Barnstead USA. Stock solutions were prepared in glass 

flasks and stored in a refrigerator kept at 4 °C. 

5.2.2 Synthesis of polymers and modification procedures  

5.2.2.1 Copolymer synthesis – Preparation of 25% VBC / 75% Sty - 12 % DVB MR 

copolymer  

 These beads were synthesized in a manner similar to gel resins but in the presence 

of 4-methyl-2-pentanol (4M2P). The amounts indicated in the following procedure were 

for a typical preparation of 150 g of VBC/styrene MR beads with a 12 % crosslink level. 

The organic phase consisted of dissolving 1.50 g BPO in 37.34 g VBC, 79.13 g styrene 

and 34.44 g DVB with stirring. 150.49 g 4M2P was added to this mixture. The organic 

phase was sparged for 5 min with nitrogen. The aqueous phase contained 60.6 g calcium 

chloride dihydrate and 3.6 g poly(vinylalcohol) (PVA, tradename Gohsenol) in 476 mL 

water. The aqueous phase was heated to completely dissolve the PVA. Once dissolved, it 

was poured into a 500 mL 3-neck flask and sparged with nitrogen for 10 mins. The flask 

was equipped with an overhead stirrer, thermometer and a temperature controller, and a 

nitrogen gas inlet area.  

 The stir paddle was adjusted so that the top of the paddle was just above the 

aqueous phase in the flask. The organic phase was added and the nitrogen sweep turned 

on. The stir motor was turned on for 2 mins. The bead size was checked and the stir speed 
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adjusted. This was repeated twice. The temperature was then increased at a rate of 7° C / 

15 min to 80° C over 2 h. The beads were stirred at 80 °C for 10 h.  

 At the end of polymerization, 100 mL of water was added to the beads. A Dean 

Stark trap was fitted and the condenser reattached. The mixture was heated for 6 h and 

the 4M2P distilled off. The remaining solution was removed with a gas dispersion tube. 

The beads were then purified by extraction with toluene in a soxhlet extraction apparatus 

for 17 h. The beads were placed in a drying dish under the fumehood and sieved using 

U.S. standard screens. 

5.2.2.2 Preparation of VBC - 12 % DVB MR copolymer 

 These beads were prepared as above with the following changes to the amounts of 

the components of the aqueous phase and organic phase -   

Aqueous phase – 2.69 g PVA, 60.5 g CaCl2·2H2O, 475.27 g H2O 

Organic phase – 1.57 g BPO, 115.95 g VBC, 32.65 g DVB, 149.76 g 4M2P 

5.2.2.3 Preparation of poly(acetoxystyrene) - 12 % DVB 

 These beads were prepared as above with the following changes to the amounts of 

the components of the aqueous phase and organic phase -   

Aqueous phase – 0.54 g PVA, 12 g CaCl2·2H2O, 96 g H2O 

Organic phase – 0.32 g BPO, 24.7 g AcSty, 6.93 g DVB, 32 g 4M2P 

Polymerization conditions changed: the mixture was stirred for 18 h at 75 °C. 

5.2.2.4 Synthesis of poly(butylacrylate) resin 

 In this polymerization, the aqueous phase contained 0.84 g PVA, 19 g 

CaCl2·2H2O, 150 g H2O and the organic phase, 0.50 g BPO, 38.7 g butyl acrylate, 10.8 g 
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DVB, 50 g 4M2P for 50 g beads. Note that initially beads were seen forming but at the 

end of reaction the beads coalesced and a mortar and pestle was used to break up the 

polymer.  

5.2.2.5 Immobilization of polyamine on VBC/Sty polymer 

 2 g of polymer was swelled in 30 mL dioxane. 8 mL triethylenetetramine was 

added and the beads refluxed for 17h. Beads were washed with 50 % dioxane, water, 

methanol and acetone. 

5.2.2.6 Immobilization of dihexylamine on VBC/Sty polymer 

 2.5 g of polymer was swelled in 300 mL dioxane. 24.7 g of dihexylamine was 

added and the mixture refluxed for 17h.  

5.2.2.7 Immobilization of TPGME on VBC polymer 

 In a 250 mL flask, 100mL dioxane, 6.85g TPGME and 1.39 g sodium hydride 

was stirred for 5 h under a nitrogen sweep. In another flask, 2.6 g of VBC polymer was 

swelled in 100 mL dioxane. The TPGME mixture was added to the flask containing the 

polymer and the mixture heated under reflux conditions with a nitrogen sweep.  
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5.2.2.8 Preparation of EXC resin with p-cresol 

 About 1 g of vacuum oven dried XAD-4 was stirred overnight in a mixture of 100 

mL toluene and 20 mL p-cresol. The toluene and p-cresol was removed and the resin was 

washed with water (3 times). The resin was dried for 5 h in the air and then transferred to 

an oven and kept at 110 °C for 17 h. 

5.2.3 Contact study procedures for MTBE 

5.2.3.1 MTBE solution preparation and contact study procedures 

 Twenty milliliters of 150 ppm MTBE solution containing 250 mg of resin were 

shaken for 17 h with 20 mL of solution in a 20 mL screw capped vial using a Burrell 

Wrist Action shaker. The time of shaking was determined by equilibrium studies. At the 

end of this time, 1 microliter of solution was analyzed. Controls of Amberlite XAD-4 

(Supelco) and activated carbon (Fisher Scientific) were used and a blank solution was 

prepared each time a batch of resins was tested.  

5.2.3.2 GC-FID Analysis procedures 

Operating conditions of GC/FID 

 A gas chromatograph equipped with a flame ionization detector (Agilent 6850) 

was used to analyze the performance of the resins. A capillary column (HP-1 methyl 

siloxane), 30 m long with an internal diameter of 320 µm was used. The temperature at 

the inlet was set at 200 °C. The GC was operated in split mode (50:1), with a column 

flow of 2 mL / min. The oven temperature was programmed as follows: kept at 30 °C for 

5 min, then heat from 30°C to 90 °C at 10 °C / min. and hold for 3 min. at 90 °C, heat to 

200 °C at 10 °C / min. and hold for 11.25 min.  
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 The temperature of the detector was kept at 250˚C and operated with a hydrogen 

flow rate of 60 mL/min and an air flow rate of 450 mL/min. The carrier gas make-up 

flow was 28 mL/min.  

 1 microliter aliquots of aqueous MTBE solution was injected into the GC/FID 

system. MTBE was observed at a retention time of 2.24 min. Calibration curves were 

generated between 59.24 ppm and 236.8 ppm inclusive, i. e. 59.24 ppm, 118.4 ppm, 

177.6 ppm, 236.8 ppm, from a stock solution of 5924 ppm. Linearity ≥ 0.99 was 

achieved. Calibration curves were generated prior to analyses of any set of samples and 

linearity measured before making any conclusions with respect to the sample involved. 

The results were expressed as percent MTBE (% MTBE) removed, given below: 

% MTBE removed = {([MTBE]initial – [MTBE]experimental)/[MTBE]initial}× 100 

5.2.3.3 Method development - MTBE solution preparation and contact study procedures 

when a purge and trap is introduced in analytical method 

 25 mg of resin was contacted with 40 mL of 1.48 ppm solution in 40 mL vials. 

After a 17 h shake, 15 mL of solution was removed with a disposable syringe and an 

aliquot (10 mL) was accurately pipetted out and diluted by a factor of 2.5. Five milliliters 

of this solution was transferred with a 5 mL Luer lock syringe to the sparger of the purge 

and trap (Tekmar LSC 2000) for purging.  

Purge and Trap parameters operating conditions 

Sample volume = 5 mL 

Purge flow = 20 mL/min 

Purge time = 10 min 

Purge temperature = 40˚C 
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Dry purge = 90 s 

Desorb temperature = 125˚C 

Desorb time = 90s 

Bake time = 5 min 

Bake temperature = 260˚C 

 The trap used was a Supelco Vocarb K 3000 (Carbopack B, Carboxen 1000, 

Carboxen 1001). A ten min bake time followed by 2 washes of the sparger with nanopure 

water (conductivity = 18.2 Scm
-1

) was sufficient to prevent cross contamination. 

 GC / FID parameters with purge and trap 

 

 Analyses were made in the splitless mode with a column flow of 1mL / min 

through a column (HP-1, 15 m × 320 µm I.D. × 0.25 µm). Isothermal temperature was 

employed at 50 °C. The instrument was operated under the constant flow mode with 

helium gas as the carrier gas.   

FID parameters were also adjusted, 

Hydrogen = 40 mL / min 

Air = 450 mL / min 

Carrier gas = 45 mL / min 

Temperature = 250˚C 

See Appendix - Section V for a sample chromatogram. 

5.2.3.4 Porosity determination. 

 A surface area analyzer (Micromeritics TriStar 3000) was used. The sample was 

vacuum oven dried at 70 °C for 6 h. before weighing out approximately 0.5 g of the dried 

material. It was then degassed at 50 °C for 2 h. under a nitrogen stream. After cooling 
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under the stream of nitrogen, the sample was reweighed to determine the actual mass of 

sample used. The following mathematical models were applied for data reduction 

Brunner-Emmett-Teller (BET), Dubinin-Astakov and t-plots for surface area treatment, 

pore size distributions and pore volumes.
6
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Section I – IR spectra of amidoalcohol prepared in different solvents 
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Acetonitrile 
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DMF(4-109) 
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THF(4-40) 
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Dioxane (4-97) 
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Section II – IR spectra of Amidoalcohol resins 
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Amidopropanol resin 

 

4000 3000 2000 1000
Wavenumber (cm-1)

25

30

35

40

45

50

55

60

%
T
ra
n
s
m
it
ta
n
c
e

7
0
2
.0

4

1
0
4
1
.4

8

1
3
0
5
.7

1

1
5
4
4
.8

7

1
6
3
7
.4

4

 



 

 

157 

Amidopentanol resin 
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Section III – Phosphorylated amidoalcohol resins 

2-(2-amidoethoxy)ethyl phosphate ester resin 
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Amidopropyl phosphate 
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2-amido-2-methylpropyl phosphate ester resin 
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Amidopentyl phosphate ester resin 
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Section IV – IR spectra of other resins 

Methyl ester resin 
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Methoxyethyl ester 
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Section V - Chromatogram of MTBE sample (74 ppb) analyzed with a GC/FID with prior 

sample treatment using a purge and trap 
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