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ABSTRACT            

Priority organic and emerging contaminants are a growing concern for drinking 

water treatment due to their increasing presence in the environment.  This study 

developed a predictive model for the sorption of anionic organic contaminants from 

drinking water on three anion exchange resins: a strong polystyrenic (IRA-910), 

weak polystyrenic (IRA-96), and a strong polacrylic (A860).  The model quantifies 

the individual mechanisms of sorption using poly-parameter linear free energy 

relationships (pp-LFERs) and the feasibility of phase conversion (e.g., an ideal gas 

phase as the reference state) for ionic species was examined.  To develop the model, 

a training set of isotherms was obtained using aliphatic and aromatic carboxylates, 

phenols, anilines, nitrobenzene, and ibuprofen. These compounds were chosen as 

model organic contaminants in the environment.  The training set and 1-3 test 

compounds (3-methyl-2-nitrobenzoate, phenol, & 4-nitroaniline) were accurately 

predicted using the created model for each resin.   

An understanding of the effects of resin structure on sorption interactions was also 

developed that focused on ionic functional groups, resin matrix, and hydrophilicity 

(i.e. water content).  It was shown that greater sorption efficiency was achieved 

when electrostatic (ion exchange) and nonelectrostatic (adsorption) interactions 

were present together to create a synergistic addition.  However, sorption on ion 

exchangers was poor if the pH of the system approached levels lower than the 

sorbate pKa.  Additionally, weak base exchanges lose exchange capacity as pH levels 



ii 

 

approach resin pKa (IRA-96 pKa = 6.0).  Additional contributions to the sorption 

mechanisms were observed by studying various electron donating/withdrawing 

functional groups on the contaminants.  It was concluded that π-π and H-bonding 

interactions contributed a greater amount to the nonelectrostatic mechanisms than 

cavity formation forces and nonspecific forces.   A comparison between the three 

resins showed that IRA-96 (weak base polystyrenic) had a greater removal capacity 

than IRA-910 (strong base polystyrenic), followed far behind by A860 (strong base 

polyacrylate).  This is due to differences between the resins, such as the 

hydrophilicity, the density of the ion exchange group, and the presence of aromatic 

rings within the matrix structure.  Although the modeling method accurately 

predicted the phase change from aqueous to sorbent phases, it was shown that the 

SPARC calculated aqueous-gas ion transfer energies were poor estimations of the 

transfer energy to the ideal gas phase and further study is necessary to accurately 

determine this value.   

This modeling methodology is believed to be applicable to emerging contaminants 

such as pharmaceuticals in water systems and helps further new water treatment 

technologies while developing a mechanistic understanding of electrostatic and 

nonelectrostatic interactions in general.  This can be applied to additional 

separation processes such as chemical purification and chromatographic separation.  
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CHAPTER 1 - INTRODUCTION 

This study was performed to simultaneously help address the problem of priority 

organic contaminants persistent in drinking water as well as the growing concern 

caused by the presence of pharmaceuticals and other emerging contaminants (ECs).  

Many priority organic and emerging contaminants share similar molecular 

structures such as aromatic rings, aliphatic chains, and functional groups including: 

carboxylic acids, amines, and phenols.  Because of this, many contaminants are 

present in drinking water as ionic species at typical pHs, especially those that 

contain weak base or acid groups.  Therefore, this project focused on the removal of 

said organic contaminants (OCs) using anion exchange resins that undergo a 

synergistic combination of ion exchange and adsorption.  Specifically, the overall 

objective was to develop a predictive model for the sorption of OCs onto anion 

exchange resins.   This was done by using Freundlich modeling of isotherms, poly-

parameter linear free energy relationships (pp-LFERs), and an ideal gas phase as the 

reference state.  Further, this project analyzed the individual interaction 

mechanisms and their relative importance to better understand the overall sorption 

process of ion exchange resins.  This includes looking into the effects of the resins’ 

structure, functional groups, and physiochemical properties as well as the effects of 

sorbate properties, sorbate functional groups, and solution conditions (such as pH 

and ionic strength).   
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This introduction will outline the specific problem and hypothesis created.  It will 

then provide a detailed project overview and its various objectives.  Finally, a 

background of the research knowledge and information behind this project 

including: an overview of priority organic and emerging contaminants; water 

treatment technologies, specifically sorption and polymeric resins; an explanation of 

pp-LFERs; and the use of an ideal gas phase as the reference state. 

1.1 Problem and Hypothesis 

Various studies have been performed to determine the prevalence of OCs in the 

environment1-5.  The interest in these compounds arises from the fact that many 

have been shown or suspected to have various negative effects on human health, 

water quality, and the environment as a whole6-9.  Therefore, much interest has been 

concentrated on developing techniques that target the removal of these compounds.  

One of the promising methods of removal includes the use of polymeric sorbents.  

However, due to the vast number of different contaminants and available sorbents, 

it can become complicated to select sorbents for a specific treatment scenario and to 

accurately predict and understand the various interactions taking place within the 

system.   

The latest works within the laboratory group of the author10,11 has shown that an 

accurate model of sorption can be developed using isotherm data, Abraham pp-

LFER descriptors, and a reference state of hexadecane.  This thesis was developed to 

expand on this modeling to include, for the first time, ionic species of compounds 
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and anion exchange resins.  It also was developed in an attempt to use the ideal gas 

phase as the reference state to further reduce solvent interactions.  Therefore, the 

hypothesis is that anion exchange resins have an application in removing ionic OCs 

from drinking water.  Further, by developing a predictive model through the use of 

pp-LFERs and an ideal gas phase reference state, a critical mechanistic 

understanding of the properties and interactions of sorption will be obtained that 

will help eventually develop resins as a viable water treatment technology. 

1.2 Summary of Project Objectives 

In order to test the above hypothesis, the project had to be broken down into 

smaller objectives.  These experimental and analytical objectives are only 

summarized here, and are explained in greater detail in the section called 

“OBJECTIVES”.   They are as follows: 

1. To perform a verification of the sorption kinetics to ensure equilibrium between 

phases was achieved. 

2. To examine how the pH of the water system affects the contributions of the two 

mechanisms that are responsible for the removal of contaminants, adsorption and 

ion exchange. 

3. To study the effects of resin matrix structure and ion exchange functional groups on 

the removal interaction mechanisms. 

4. To determine the pp-LFER regression data that will allow for the development of a 

predictive model for the sorption on each anion exchange resin. 

5. To perform a study on the individual sorption mechanisms based on the developed 

pp-LFER models and to verify the predictive capabilities. 

1.3 Significance 

This project will help add to the framework of research detailing the predictive 

modeling of sorption by better understanding the individual interaction 



4 

 

mechanisms responsible for adsorption and ion exchange.  This understanding will 

eventually help develop resins as a viable water treatment technology.   Again, this 

understanding is vital to developing ion exchange resins as a viable water treatment 

method for OCs.  It also provides a methodology that can be applied to the growing 

problem of emerging contaminants, and to the prediction of other sorption media.  

Therefore, the development of this technology can aid national and local regulatory 

departments that often require well-understood technologies to realistically set 

limits and pass laws to help control emerging contaminants in the environment and 

municipal water systems. 

Additionally, understanding the mechanisms of electrostatic and nonelectrostatic 

interactions can further the knowledge and work in other related fields aside from 

the treatment of organic contaminants.  The principles discovered are applicable to 

separation processes common to chemical industry, including but not limited to: 

chromatographic separation, purification, and the separation of chemical by-

products. 

1.4 Background Research Information 

1.4.1 Priority Organic and Emerging Contaminants 

Some sources causing this increase in OCs include but are not limited to: industrial 

processes and consumption of pesticides, organic solvents, pharmaceutical, and 

household chemical products.  This, and the perceived threat to health and the 

environment has led the E.P.A. and other similar organizations to enforce 

regulations on many organic contaminants known as MCLs (maximum contaminant 
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levels)12.  However, organic contaminants continue to persist as a problem within 

the environment despite regulations.  One cause is due to the continued growth of 

industries such as the petroleum and other chemical industries.  For example, 

compounds such as benzene, toluene, and xylenes have been found in drinking 

water systems as a result of the increased development of hydraulic fracturing for 

natural gas resources13.  Other organic contaminants can come from the continued 

use of herbicides and pesticides such as atrazine and 2,4-D as they runoff from 

agriculture and clearing rights of way sections for train tracks and other 

infrastructure12.  

Some organic contaminants, however, prove particularly difficult to remove from 

the environment.  These are known as persistent organic pollutants (POPs).  These 

pollutants are considered recalcitrant, because they degrade at such a slow rate that 

they may remain present in the environment for years, thus they can become widely 

distributed throughout environmental systems (soil, air, water, etc.).  This wide 

distribution allows them to accumulate in living organisms and have harmful effects 

to humans or wildlife3.  Despite regulations and efforts to reduce the use of many of 

these pollutants, they remain a problem in drinking water systems4,5.   

Additionally, a similar growing concern is the presence of emerging contaminants in 

drinking water, which are generally newly found pollutants that are not yet 

regulated.  Because of this, the USGS performed a study in 1999 that examined 139 

different streams across the United States.   They discovered that 82 different 
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emerging contaminants were found in low concentrations within 80 percent of the 

water tested1.  The compounds found in this study included steroids, antibiotics, 

other different drug products, insecticides, plasticizers, and fire retardants.  Since 

this study, further research has been performed to determine how widespread 

pharmaceuticals and other ECs are in the environment.  Similar findings were 

determined by the research from the USGS; that is, emerging contaminants are 

found in many water sources including wastewater, drinking water, and ground 

water across the nation2,14-16.  The definition of an emerging contaminant as 

summarized from various regulatory agencies is any compound without a 

regulatory standard that has recently been discovered in water systems and has a 

perceived or real adverse effect on human health or the environmental.  Every year 

the EPA classifies new chemicals as ECs in order to study their impact, develop 

analytical techniques, and research methods of remediation.  There are over tens of 

thousands of potentially hazardous ECs that persist in the environment, and their 

exact impact is not yet quantified.  Fortunately, many emerging contaminants share 

similar molecular structures to currently regulated POPs and other organic 

contaminants.  This is because ECs tend to contain the same aromatic rings and 

functional groups (carboxylates, amines, phenols, etc.) as regulated compounds and 

thus, much of the knowledge and techniques used for the treatment of regulated 

compounds can be applied to the treatment of ECs.  From now on, all said 

contaminants including regulated and unregulated, will be considered together and 

called “organic contaminants (OCs)” as a general term. 
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Organic contaminants are quite often found only in low level concentrations, as low 

as ppm or ppb.  Sometimes, as is the case for emerging contaminants, 

concentrations are only detected as low as ppt (parts per trillion).  However, there 

are still many concerns that drive the regulation and removal of OCs.  One of which 

is the aforementioned slow degradation of some organic compounds.  Also, it is not 

always well understood what the long term effects are of constant exposure to low 

levels of these OCs or if there are complex additive properties when multiple 

contaminants are present.   

Another concern is that of EDCs, which mimic or impede natural hormones in 

humans or animals, causing birth defects, infertility, and kidney and liver 

damage12,17.  One example has shown that some aquatic animals such as amphibians 

and fish have demonstrated an overall feminization in their population from 

synthetic estrogen released in the environment6.  Another growing concern is from 

the amount of antibiotics persistent in the environment.  This has allowed 

pathogens to develop a general resistance to commonly used antibiotics such as 

penicillin, ampicillin, cephalosporin, and vancomycin8.  The amount of resistant 

bacteria found in water systems has increased throughout the United States7.  An 

increase in sicknesses caused by resistant bacteria has the potential to increase the 

general use of antibiotics, which will in turn increase the concentration of 

antibiotics in the environment, potentially creating a worsening cycle. 
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Table 1 contains a list of the various organic contaminants that were used within 

this study and their properties.  The aromatic benzoates, aliphatic carboxylates, and 

their derivatives have a wide variety of uses including as food preservatives, 

disinfectants, fragrance and flavoring agents, and are often used as precursor 

compounds in chemical syntheses.  Although these compounds are not considered 

priority organic pollutants, they were studied because their structure is often very 

similar to more hazardous pollutants and a carboxylates are one of the few anionic 

compound classes that have readily available Abraham pp-LFER descriptors (to be 

discussed later) that are vital to developing this project’s proposed modeling system.  

Other compounds on the list were chosen to increase the variety of structures and 

descriptors that would be applied to the model.  Phenols and nitrobenzene, which 

are listed by the EPA as priority pollutants18 have a variety of uses and are 

commonly found within the structures of more complex organic contaminants.  

Anilines, a common precursor in the manufacturing of dyes and rubbers were used 

because of their similar structure and known presence in the environment19. 

Benzenesulfonate was also used, another precursor compound that has had similar 

derivatives used as pesticides.  Although this compound does not have available 

Abraham descriptors for modeling, it was useful to use as a preliminary compound 

to examine the effects of compounds containing various charge groups.  Also, 

ibuprofen was included within this study, a carboxylate emerging contaminant 

found in low levels throughout the environment.  It was used as a test compound for 
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more complicated chemical structures that are present in many organic 

contaminants. 

It is also important to note that compounds used within this study were not used at 

concentrations necessarily typical to levels found in the environment.  Most 

compounds contained concentrations ranging from 1 ppm to 1000 ppm.  Only a few 

compounds were detected as low as 25 ppb.  This was due to the detection limits of 

the laboratory equipment available to the study.  However, it is believed that the 

methodology used to perform the study is applicable to environmental conditions.  

Concentration units for the remainder of the document will be in Molar units as 

these were necessary to perform the isotherm and modeling analysis. 
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Table 1 - Properties of Compounds Studied 

 
 

Benzoate 
4-

Chlorobenzoate 
3-methyl-4-

Nitrobenzoate 
3-methyl-2-

Nitrobenzoate 
4-

methoxybenzoate 1-Naphthoate Benzenesulfonatea Ibuprofen 

Structure 

 
 

  
 

  
 

M.W. (g/mol) 122.12 156.57 181.15 181.15 152.15 172.18 180.16 206.29 
pKa 4.2 4.0 3.7 2.3 4.5 3.61 -2.8c 4.85 

Water Solubility (mM) 23.7 0.511 1.02 1.48 1.97 0.635 5162 0.331 

p
p

-L
FE

R
 

D
es

cr
ip

to
rs

b
 E 0.88 0.99 1.14c 1.14c 1.05 1.61 - 0.88 

S 3.64 3.37 3.35 3.70 4.00 4.13 - 3.5 
A 0 0 0 0 0 0.05 - 0 
B 2.752 2.6 2.77 2.85 3.05 2.87 - 3.31 
V 0.9102 1.0326 1.2253 1.2253 1.1098 1.4416 - 1.7556 
J- 2.524 2.179 2.185 2.255 2.4 1.61 - 2.404 

Ion Transfer Energyc 
(KJ/mol) 

-286.01 -282.37 -291.15 -325.90 -283.50 -292.66 -345.18 -326.15 

 
  Acetate Isobutyrate Dichloroacetate Nitrobenzene Phenol p-Cresol 4-Nitroaniline 4-Chloroaniline 

Structure 

        
M.W. (g/mol) 59.05 87.11 127.94 123.06 94.11 108.13 138.12 127.57 

pKa 4.8 4.9 1.4 NA 10.0 10.3 0.6 3.9 
Water Solubility (mM) Miscible Miscible Miscible 15.4 882 177 5.8 20.4 

p
p

-L
FE

R
 

D
es

cr
ip

to
rs

 E 0.589 0.35 0.632 0.871 0.805 0.82 1.236 0.91 
S 2.19 1.61 2.53 1.11 0.89 0.87 1.827 1.90 
A 0 0 0 0 0.60 0.57 0.597 2.40 
B 2.73 2.97 2.18 0.28 0.30 0.31 0.343 0 
V 0.4433 0.7251 0.6771 0.8906 0.7751 0.916 0.9904 0.9605 
J- 2.275 1.992 1.426 0 0 0 0 0 

Ion Transfer Energyc 
(KJ/mol) 

-348.57 -334.27 -319.55 -16.35 -23.84 -23.63 -35.88 -23.42 

a – benzenesulfonate descriptor data not available;   b – pp-LFER descriptors obtained from refs (10,20,21);   c – Values obtained from SPARC Calculator ref (22)
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1.4.2 Water Treatment Techniques to Remove OCs 

A number of studies have focused on examining typical water and wastewater 

treatment processes and their ability to remove organic contaminants from aqueous 

solution6,17,23-28.  These processes include: settling and sedimentation techniques 

such as coagulation, flocculation, and lime softening; oxidation processes such as 

chlorination, ozonation, and ultraviolet photolysis; membrane filtration and 

adsorption treatment.  Coagulation, flocculation, sedimentation, and lime/soda ash 

softening are commonly used in most water/wastewater treatment plants to 

remove suspended solids and other compounds that may precipitate out of solution.  

However, these water treatment processes demonstrated little ability to remove 

most of OCs, usually less 20%6 and in some cases having no significant removal 

efficiency at all23. 

Disinfection of drinking water is required by law for all water treatment plants in 

the U.S. and is usually performed through chlorination, while other methods of 

advanced oxidative processes have been used for disinfection and the removal of 

organic compounds, such as ozonation and UV radiation.  Ultraviolet radiation 

demonstrated the least effectiveness of these three techniques, sometimes removing 

only 40% of PPCPs, suggesting that UV treatment alone is not sufficient6.  Many 

water treatment processes successfully removed PPCPs using ozonation and 

chlorination at up to 90% removal efficiency23,24.  However, there is a growing 

concern over the byproducts that are produced from chlorination and oxidation.  
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Some of these byproducts can be more harmful than the parent compounds and 

these processes do not remove many other types of OCs suggesting that an 

alternative removal treatment prior to oxidation is needed. 

Nanofiltration, biofiltration, and reverse osmosis have been very successful in 

removing most classes of OCs with efficiencies greater than 90%6,25.  However, these 

processes are typically slow and expensive and therefore, are not widely employed 

in water treatment systems.  A more economical but comparably efficient technique 

is the adsorption process.  Granular activated carbon (GAC) and powdered activated 

carbon (PAC) are currently the most common adsorbents in drinking water 

facilities.  While these adsorbents are highly effective in removing many organic 

pollutants, they do have some significant drawbacks.  Once saturated with 

pollutants, activated carbons (ACs) are typically regenerated using high thermal 

techniques.  These techniques cause a 5-10% attrition rate of the activated 

carbons29.  The replacement costs from attrition and energy costs from regeneration 

increase the maintenance cost of activated carbons.  They also cannot be custom 

synthesized towards specific pollutants as they tend to indiscriminately remove 

organic contaminants (nonpolar ones to be more favorable).  Therefore, they may 

become easily saturated with nontarget compounds, which would require additional 

regeneration.  Finally, ACs have poor removal efficiencies when the contaminants of 

concern are highly water soluble and/or are ionic species.  This is a significant 

problem as many pharmaceutical compounds have pKa values within or below 

typical water treatment pHs and exist as ionic species. 
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1.4.3 Sorption Through the Use of Polymeric Resins 

Since the introduction of macroporous resins in the 1960s, nonionic resins have 

become an attractive alternative to activated carbons.  These resins have been 

synthesized to have comparable surface areas to that of activated carbons.  

Primarily, resins have been used for chromatographic separation, the treatment of 

industrial wastewater, and the recovery of usable organic chemicals.  Polymeric 

resins are composed of an insoluble polymer matrix commonly made up of either 

styrene or acrylate monomers while occasionally including other monomers such as 

vinylpyrindine30.   

There are three major classes of nonionic resins: gel-type, macroporous, and 

hypercrosslinked.  Gel-type resins have a homogenous nonporous structure31 and 

are generally not used as an adsorbent because of their small total surface area; 

however, they can be used for ion exchange where surface area is not as important.  

As the name implies, macroporous resins have a porous polymer matrix that is 

created during synthesis through the use of porogen (a pore forming agent, typically 

xylene).  After polymerization has occurred, the porogen can be removed from the 

resin leaving a physically and chemically stable porous structure31.  Macroporous 

resins therefore have a dramatically increased surface area over gel-type resins. The 

most recent class is hypercrosslinked resins.  These resins are synthesized with a 

crosslinking reagent, typically divinylbenzene, which tightens the polymer structure 

further increasing the surface area over macroporous resins.  An increase in surface 
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area allows for more sorption sites, making macroporous and hypercrosslinked 

resins a more successful adsorbent for neutral compounds. 

One major advantage resins have over activated carbons is that they can be tailor-

made to alter the various properties to target specific compounds.  This is done by 

controlling resin structure, internal surface area, pore size distribution, and the 

degree of crosslinking during synthesis29.  This customizability makes them ideal for 

water treatment as they can be tailor made to specific conditions making them 

widely applicable to the diverse range of pollutants in water. 

Another key advantage of resins is their stability and ease of regeneration.  

Regeneration of resins can be performed by back flowing with low concentrations of 

solvents that change the pH of the system such as hydrochloric acid or sodium 

hydroxide or through the use of organic solvents such as methanol or ethanol.  

Other less common methods used for solutes of low boiling points include steam 

and microwave regeneration.  It concentrates the solute allowing for the economic 

recovery of valuable chemicals and it does not easily damage the resins like thermal 

regeneration damages activated carbons.  Resins have been shown to last for over 

1300 cycles over the course of five years29 with less than a 5% attrition or 

replacement rate annually32 while activated carbons have an attrition rate of 5-10% 

per cycle29.  Currently it is difficult to compare costs for activated carbons, a well-

established treatment method, and polymeric resins, a relatively novel method.  
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However, this data suggests that polymeric resins may have lower operating costs if 

implemented though additional analysis is necessary to determine if this is true. 

1.4.4 Ion Exchange Resins 

When conditions cause a compound to become predominately its charged species, 

normal adsorption mechanisms are severely reduced.  This is because of the 

electrostatic interactions between the charged ion and the surrounding water 

molecules.   Therefore resins containing oppositely charged functional groups are 

used to perform ion exchange.  Anion exchangers typically contain amino functional 

groups on the monomer while cation exchangers commonly contain sulfonic or 

carboxylic functional groups.  This study focuses on anion exchangers so it is these 

structures that will be discussed.   

Anion exchange resins are composed of two classes, strong base and weak base 

exchangers.  Strong base anion exchangers have a quaternary amino functional 

group on the monomer structure.  This quaternary amino group can either contain 

all methyl groups (Type 1) or one methyl group may be replaced by a hydroxyethyl 

group (Type 2).  Weak base anion exchangers use tertiary, secondary, or primary 

amino groups.  Because of the nitrogen-carbon bonds, the strong base resins are not 

subject to the pH of the system where as weak base exchangers may lose its ability 

to perform ion exchange if the functional group is deprotonated at high pHs.  Figure 

1 shows the typical monomer structure of anion exchange resins.  Note that 
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polyacrylate resins may have any type of functional group as polystyrene but only 

one is shown for brevity. 

Type I Strong Base 
Polystyrene 
Exchanger 

Type II Strong Base 
Polystyrene 
Exchanger 

Weak Base 
Polystyrene 
Exchanger 

Type I Strong Base 
Polyacrylate Exchanger 

 
  

 

Figure 1 - Anion Exchange Structures 

This study will use a variety of anion exchangers; their properties are summarized 

in Table 2.  Normally, anion exchange resins are used in the chloride form, where a 

chloride cation is attached to the resin and exchanged with the solute of interest 

although some manufacturers provide the resin in the free base form as well.  A 

typical anion exchange reaction can be represented by the following: 

     ̅̅ ̅̅ ̅̅ ̅̅         ̅̅ ̅̅ ̅̅ ̅      

Equation 1 - Anion Exchange Process 

Where the overbar denotes the resin phase,    is the positively charged functional 

group attached to the resin, and    represents any deprotonated weak acid.  The 

total amount of equivalent ions that resin can exchange is known as the exchange 

capacity and varied based upon the exchange functional group, polymer matrix, and 

concentration of functional groups on the resin surface.  The likelihood that certain 

organic contaminants will be attached to the resin phase over the chloride cation is 
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known as the ion selectivity.  The selectivity,    
  of an ion as compared to that of a 

chloride ion can be expressed by the following: 

   
  

    ⁄

      ⁄
 

Equation 2 - Ion Selectivity33 

Where QA and QCl (mol/g) are the amount of organic contaminant and chloride 

respectively on the resin and CA and CCl is the equilibrium concentration of the 

contaminant and chloride.   

It is important to note that electrostatic 

interactions are responsible for the total 

ion exchange capacity, while the 

nonelectrostatic interactions are 

responsible for the selectivity of a 

compound to the resin.  These 

nonelectrostatic interactions can be 

caused by the nonpolar moieties (NPM) 

of the compound such as aromatic rings 

or relatively long aliphatic chains.  

Figure 2 demonstrates the sorption 

schematic, showing how the NPM of the 

aqueous compound can help the 

compound attach itself to the resin 

Figure 2 - Schematic Illustrating Sorption during Anion 
Exchange34 
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surface.  The attractive forces between the NPMs explain why many organic 

contaminants have such high selectivities relative to inorganic anions. 

 

Table 2 - Properties of Resins Selected for this Study 

Resin Amberlite IRA910 Amberlite IRA96 Purolite A860 

Manufacturer Rohm & Haas: Newark, DE Rohm & Haas: Newark, DE Purolite: Philadelphia, PA 

Type 
Strong Base Anion 

Exchanger 
Weak Base Anion 

Exchanger 
Strong Base Anion 

Exchanger 

Polymer Structure 
Macroreticular crosslinked 

polystyrene 
Styrene divinylbenzene 

copolymer 

Macroporous polyacrylic 
crosslinked with 
divinylbenzene 

Functional Group 
Type 2 Quaternary 

Ammonium 
Tertiary Amine 

Type 1 Quaternary 
Ammonium 

Exchange Capacity 1.00 eq/L Cl
-
 1.25 Free Base 0.8 eq/L Cl

-
 

Moisture Retention 51-54% Cl
-
 57-63% Free Base 66-72% Cl

-
 

Specific Gravity 1.08-1.12 1.04-1.06 1.08 

Resin 
Hypersol-Macronet 

MN100 
Hypersol-Macronet 

MN150 
Hypersol-Macronet 

MN200 
Hypersol-Macronet 

MN250 

Manufacturer 
Purolite: 

Philadelphia, PA 
Purolite: 

Philadelphia, PA 
Purolite: 

Philadelphia, PA 
Purolite: 

Philadelphia, PA 
Type Adsorbent Adsorbent Adsorbent Adsorbent 

Polymer Structure Polystyrenic 

Macroporous 
polystyrene 

crosslinked with 
divinylbenzene 

Macroporous 
polystyrene 

crosslinked with 
divinylbenzene 

Macroporous 
polystyrene 

crosslinked with 
divinylbenzene 

Functional Group Tertiary Amine Tertiary Amine None None 
Exchange Capacity 0.1-0.3 eq/L  Cl

-
 0.2 eq/L  Cl

-
 None None 

Moisture Retention 57-61%  Cl
-
 50-58%  Cl

-
 57-61% 50-58% 

Specific Gravity 1.04 1.04 1.04 1.04 
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1.4.5 Sorption Interactions 

There are various interaction forces behind the mechanism that is thought to be 

responsible for the sorption of organic compounds onto the resins.  These forces 

include hydrophobic or nonspecific interactions, π-π electron donor/acceptor 

interactions; hydrogen bonding interactions; and electrostatic interactions10,29,34.  

Nonspecific interactions, generally referred to as Van der Waals interactions, result 

from the electron-deficient/rich regions in a sorbate molecule attracting electron-

rich/deficient counterparts in the molecules composing the surfaces of the sorbent. 

Typically this kind of interactions include dipole/dipole interactions (Keesom 

force), dipole/induced-dipole interactions (Debye force), and induced-

dipole/induced-dipole interactions (London dispersion force). 

π-π interactions refer to the attractive and repulsive forces that occur from the 

electron rich p orbital regions of separate molecules.  Hydrogen bonding 

interactions occur from the electromagnetic attraction of a polar hydrogen atom to 

an electronegative atom of another molecule.  This can occur from hydrogen atoms 

from an organic molecule being attracted to water molecules and the opposite effect 

of water molecules attracting electronegative atoms on organic molecules.  

Electrostatic interactions refer to the attractive and repulsive forces caused by fully 

charged ions. 
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1.4.6 Sorption Isotherms 

For any sorption system, there exists an equilibrium distribution relationship 

between the dissolved and sorbed states of the sorbate.  The dissolved state is 

referred to as the sorbate equilibrium concentration, Ce (μM), and the sorbed state is 

the sorption density or sorption capacity which is the amount of contaminants per 

resin, Qe (μmol/g).  The graphical representation of this relationship at a given 

temperature is known as an sorption isotherm.  Experimentally, a representative set 

of data points are created until a model can be fit to the isotherm.  Typical derivation 

methods to fit isotherm data include the Polyani Dubinin-Ashtakhov model, the 

Langmuir model, and the Freundlich model.  

The Polyani Dubinin-Ashtakhov (D-A) model was developed based on the Polanyi 

theory and included a normalizing factor Eo that was meant to account for Van der 

Waals forces, hydrogen bonding, and solute cavity formation in the solvent35.  Its 

mathematical equation can be given as: 

          
  (

 

  
)
 

 

Equation 3 - Dubinin-Ashtakhov Equation35,36 

Where    is the maximum sorption capacity, b is another fitting parameter, and є is 

sorption potential or the minimum sorption energy calculated from the solutes 

concentration, Cw, and solubility,   
   : 
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Equation 4 - Polyani Sorption Potential10 

The DA model was very successful in predicting sorption capacities37; however, the 

є term is based on the solubility of the solute and is thus compound specific, which 

would require a different fit for every solute used in the model.   

Pan and Zhang10 proposed a modified version of this model that uses an infinitely 

dilute solution in n-hexadecane as the reference state in place of the aqueous phase 

solubility factor to eliminate complex water-solute interactions from the DA model.  

Therefore, the modified Dubinin-Ashtakhov model as proposed by Pan and Zhang 

was shown to be: 

          
  (

   
  
)
  

 

Equation 5 - Modified Dubinin-Ashtakhov Equation10 

Because ϵHD is calculated from the hexadecane reference state, it includes some 

hydrophobic interactions that were included in the Eo term.  However, using n-

hexadecane as the reference state will still include some nonspecific interactions 

between the solute and hexadecane.  For this study, a similar approach was taken 

using the theoretical ideal gas phase as the reference state, which will be discussed 

in greater detail in another section. 
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Another proposed model characterizes the system as having a single sorbate and 

the affinity of the sorbate to the surface of the sorbent can be described with a single 

parameter, Kads, which is the equilibrium constant from the following reaction: 

     
*   +*   +

*  +* +
 

Equation 6 - Sorption Site Equilibrium38 

Where ≡S represents the solid phase of the sorbent, and A represents the sorbate.  

Therefore, ≡SA represents the sorption sites occupied by the sorbate and ≡S 

represents sites occupied by either water or another compound.  In order to define 

the activity of ≡S, a standard concentration for sorbed species is 1.0 mol/L and the 

reference state is infinitely dilute.  If the solution is considered ideal, the activity of 

≡SA can be quantified as its molar concentration in the overall solution ignoring the 

fact that the sorbate is on the surface of a solid.  Knowing that the activity of water is 

1.0, and the relationship of available binding sites, 

*     +  *  +  *   + 

Equation 7 - Total Sorption Site Balance38 

Equation 7 can be substituted into Equation 6 and rearranged to: 

*   +  
    * +

      * +
*     + 

Equation 8 - Derivation of Langmuir Equation38 

Dividing both sides of Equation 8 by the sorbent concentration and rewriting Ce for 

{A} yields the Langmuir equation: 
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Equation 9 - Langmuir Equation38 

Where Qe represents the sorption capacity and Q0 represents the maximum possible 

sorption capacity of the system.  The Langmuir model is good for estimating very 

basic systems; however, it has some apparent flaws.  It assumes that the sorbent has 

a universal distribution of sites available and that the sorption of the sorbate at one 

site does not affect the sorption at nearby sites.  This is quite often not the case so 

another simpler model was developed that accounts for the above two flaws while 

still only requiring two fitting parameters38.  The concentration of available sorption 

sites, Φdiff, can be represented to decrease geometrically as the equilibrium constant 

increases: 

        
   

Equation 10 - Concentration of Available Sorption Sites38 

Where α and n are constants and n is between 0 and 1.  This can be substituted into 

the Langmuir equation for the maximum sorption capacity, assuming that the 

function is applicable from K=0 to the maximum K, Kmax: 

   ∫     
   

     
  

    

 

 

Equation 11 - Derivation of the Freundlich Equation38 

The simple solution to above integration is known as the Freundlich equation and is 

as follows: 
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Equation 12 - Freundlich Equation 

Where k can be can be expressed using n, the universal gas constant, R, and the 

temperature, T: 

  
    

   (  )
 

Equation 13 - k Value for the Freundlich Isotherm38 

Typically, k describes the sorption capacity under standard conditions (Q = k and Ce 

= 1) and n can be used to indicate how dramatically the binding strength changes as 

the sorption capacity changes.  The value of n can be used to indicate the availability 

of binding sites as they become occupied by sorbates.  If    , the average binding 

strength decreases with increasing site sorption.      indicates binding strength is 

unaffected and any value where      binding strength may be increasing38.  

Additionally, the n value represents the slope of the isotherm.  Practically speaking, 

if the slope of the isotherm is too steep, the Freundlich equation will not be able to 

predict low concentrations as it will yield negative values for Qe.  Thus it contains a 

limitation on the lower limit of concentrations this equation can be applied to.   

This project attempted to fit experimental isotherm data to the modified D-A, 

Langmuir, and the Freundlich equations to accurately model the observed data.  It 

was found that the modified D-A model, though good at predicting higher 

concentrations, was a poor representation for the experimental data in low 

concentrations and continually over predicted the isotherms.  As for the Langmuir 
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equation, the assumption involving the universal availability of sorption sites was 

not deemed appropriate to represent the sorption process on the resins used in this 

study.  However, the Freundlich equation fit experimental data very well and was 

relatively simple to implement, thus this modeling system was adopted for isotherm 

experimentation. 

1.4.7 Poly-Parameter Linear Free-Energy Relationships 

Poly-parameter linear free energy relationships (pp-LFERs) have been a powerful 

tool in estimating the free energy term associated with the transfer of organic 

molecules between phases.  They have successfully been used to estimate soil-water 

distribution coefficients, octanol-water partition coefficients, adsorption onto 

carbon materials, and adsorption onto polymeric resins10,11,39-45.  The general 

equation proposed by Abraham46 to predict the sorption equilibrium constant KOC is 

given as: 

                        

Equation 14 - Adsorption pp-LFER Equation45 

The constants E, S, A, B, and V are different descriptors specific to a compound that 

can be estimated through various techniques47-49, or referred to in past 

literature20,21,46.  The variables e, s, a, b, v, and c are normalizing coefficients, the 

estimation of which will be discussed in a later section.  The E, S, and V terms take 

into account Van der Waals forces while the A and B terms account for the hydrogen 

bonding acidity or basicity respectively.  Specifically, E refers to some London 

dispersive forces and Debye forces; that is dipole-induced dipole interactions and 
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induced dipole-induced dipole interactions.  The S term generally refers to 

permanent dipole interactions though it does account for π-π interactions.  The V 

descriptor is the McGowan’s characteristic molecular volume or the cavity 

formation required by the molecule within its solvent.  As mentioned A refers to 

hydrogen bonding acidity (electron accepting interactions) and B refers to hydrogen 

bonding basicity (electron donating interactions).  The coefficient c is a “catch all” 

constant term to account for any other additional interactions that may be taking 

place though it is believed to contain an entropy contribution50. 

Because many organic pollutants have properties that allow them to persist in the 

environment as their ionic species, an additional term or terms must be added to 

account for the electrostatic interactions that contribute to the sorption process.  It 

was proposed that a negative term be integrated into the above equation for anions 

and a positive term for cations.  The new pp-LFER equation then becomes: 

                      
         

Equation 15 - Modified pp-LFER Equation for Ion Exchange49 

Where the positive and negative J account for the new electrostatic interaction.  This 

study will focus primarily on the addition of the negative J- term to account for ion 

exchange of anionic organic pollutants to the solid phase. 

It is important to note the current difficulties associated with the pp-LFER modeling 

system.  Some of the terms, particularly E, S, and V have some minor overlap and 

may be responsible for some slight scatter in the model as well as the poorly defined 
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c fitting parameter.  It is also important to note that the above model is only as 

widely applicable as the calibration sets.  Using additional classes of pollutants for 

the calibration allows for a more useful model40.  Although many compounds 

already have descriptor values readily available, as previously mentioned, there are 

not nearly as many descriptors available for ionic compounds.  

1.4.8 Determining the pp-LFER Normalizing Coefficients and Using the 
Ideal Gas Phase as the Reference State 

Previous modeling methods have relied on using one-parameter linear free energy 

relationships.  These methods have generally used octanol-water partition constants 

or aqueous solubility as the one parameter and refer to solute in the pure or sub-

cooled liquid state.  These models have a significant drawback as the model 

becomes compound specific, having to account for each compound’s various solute-

solute and solute-solvent interactions.    

A way around this problem is to create a hypothetical bulk phase for the solute.  Pan 

and Zhang10,11 showed that by first using n-hexadecane as a reference state, solvent-

associated interactions could be eliminated.  This is because hexadecane is an inert 

solvent that can only undergo nonspecific interactions with solutes.  With this 

model, only specific sorbate-sorbent interactions remained as the normalized n-

hexadecane reference state eliminated the interactions associated with surrounding 

water molecules.  Another reference state, the ideal gas phase, was proposed to 

further reduce unwanted interactions42,51.  In this phase, there are no solute-solute 
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interactions or solute-solvent interactions.  This leaves only the sorbate-sorbent 

interactions for analysis.   

Figure 3 demonstrates the relationships between 

the various phases of the solute.  It shows that the 

Gibbs free energy from the aqueous phase (W) to 

the sorbent phase (S),        , will equal the sum 

of the Gibbs free energy from the aqueous phase 

to the hypothetical bulk phase (H),        , and 

from the hypothetical bulk phase to the adsorbent 

phase,        .  This relationship can also be expressed from Equation 16: 

                        

Equation 16 - Relationship of the Gibbs Free Energy Between Phases11 

For this study, the hypothetical bulk phase will be the ideal gas phase.  The Gibbs 

free energy to transfer from the aqueous phase to the ideal gas phase can be 

determined using the following relationship: 

                        
  ̅̅ ̅

  ̅̅ ̅
 

Equation 17 - Gibbs Free Energy from Aqueous to Gas Phase52 

R is the universal gas constant [0.008314 KJ/(mol∙K)] and T (K) is the absolute 

temperature of the system.      ̅̅ ̅̅  and   ̅̅ ̅ are the molar volumes of water (0.018 

L/mol) and of the hypothetical gas phase (24.73 L/mol).  Because the compounds 

Figure 3 - Thermodynamic Schematic of the Free 
Energy Relationships Between Phases 
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concerned will be present as ionic species the equilibrium constant        was 

estimated using a compound’s ion transfer energy.   

The transfer from the aqueous phase to the sorbent phase can be related to the 

equilibrium sorbent-water coefficient KS-W,i.  For the training set of data, the values 

for KS-W,i can be determined based on the experimental Ce (μM) and Qe (μmol/g) 

relationships using Freundlich modeling through the following: 

       
      

  
 

Equation 18 - Equilibrium Sorbent Water Coefficient 

Where the 1000 is a unit conversion to yield final units of KS-W,i in L/kg.  The 

relationship of the Gibbs free energy from aqueous phase to sorbent phase is related 

to KS-W,i as follows: 

                         

Equation 19 - Gibbs free energy from Aqueous to Sorbent Phase11 

Cads is an sorbent specific constant and can be approximately calculated by: 

         
  ̅̅ ̅

  ̅    
   

Equation 20 - Sorbent Constant11 

  ̅ is the molar volume of the solute i.       refers to the density of the sorbent.  After 

determining the Gibbs free energy for the two phase changes, aqueous-ideal gas and 

aqueous-sorbent, the third can be calculated based on Equation 16.   
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Additionally, values of         and         can then be related to the pp-LFER 

values by substituting for the free energy term in Equation 15: 

        (          )                    
    

Equation 21 - Relationship of Phase Transfer Free Energy to pp-LFER 

The positive J+ term was omitted from Equation 21 because this study will only 

focus on anion exchange processes.  In order to determine the equation’s fitting 

parameters: e, s, a, b, v, c, j-, multiple linear regressions must be performed.  For 

transfer from the aqueous to sorbent phase, this is done by choosing many Qe values 

and calculating their corresponding Ce values based on the Freundlich isotherm 

data.   The corresponding Gibbs free energy associated with each Qe is calculated 

according to Equation 19.  For transfer from the ideal gas phase to the sorbent, the 

ion transfer energy will be used to determine the energy to enter the gas phase, 

       , and then the difference is found using the relationship between the 

different energy values from Equation 16.  Then a series of equations similar to 

Equation 21 can be created for each Qe value.  After constructing these, then 

multiple regressions are constructed as functions of Qe rather than Ce from the 

isotherm data.  This is to provide a meaningful comparison between various 

sorbates.  By choosing equivalent Qe values, it can be assumed that the sorption sites 

will be equally covered throughout the different resins being compared, thus 

providing a possible means to compare sorbate-sorbent interactions.   
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Otherwise, using Ce values for a comparison may not have equal coverage of 

sorption sites on a stronger sorbate when compared to that of a weaker one, 

thereby not allowing for a meaningful comparison of the sorbate-sorbent 

interactions.    
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CHAPTER 2 - OBJECTIVES 

As stated above in the introduction, the overall goal of this project was to develop a 

model to accurately predict the sorption of organic contaminants on to anion 

exchange resins as well as to better understand the individual sorption mechanisms 

through the use of pp-LFER and ideal gas phase analysis.  This section will explain in 

detail the methods and reasoning for the stated objectives in section number 1.2 – 

“Summary of Project Objectives.” 

2.1.1 pH Effect on the Contribution of Adsorption and Ion-Exchange 
Interactions 

pH of water treatment systems tend to vary across a range from approximately 5 to 

953,54 depending on various conditions such as water source, or the purpose of the 

water, whether for drinking water, wastewater, or industrial water treatment.   In 

order to examine the potential of sorption resins it is important to consider this 

whole range for different water treatment fields.  This range  may affect the sorption 

mechanisms in a variety of ways.  Weak base resins may undergo charge changes on 

its functional group based on the pKa of the resin and the surrounding pH.  Should 

the pH rise significantly above the pKa the amine functional groups will not be 

positively charged, severely diminishing the resins sorption capabilities as it cannot 

undergo ion exchange.  Similarly, the same effect may occur to the contaminant in 

question.  Many of the organic compounds in this study are weak acids 
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(carboxylates) or weak bases (anilines) and speciation depends on the systems pH 

conditions.   

It is important to note that in the process of ion exchange of OCs onto polymeric 

resins, adsorption is always a contributing factor.  Meaning that by the nature of the 

process, adsorption interactions take place in conjunction with the electrostatic 

interactions responsible for ion exchange.  This combination of adsorption and ion 

exchange together is a synergistic effect.  Therefore, these experiments will be 

comparing the relative difference of adsorption and the synergistic addition of ion 

exchange to the removal process.  In order to do this, sorption experiments were 

compared using a charged and a neutral compound.  The removal of these two 

compounds was tested for four resins, IRA-910 and IRA-96 (strong and weak 

exchangers) as well as MN200 and MN100 (neutral adsorbents).  Benzenesulfonate 

was used as the charged compound because it is a strong acid and exists in its 

deprotonated or ionic form in most systems (pKa = -2.8).  The neutral compound 

used was nitrobenzene because it has no acidic or basic capabilities.   Nitrobenzene 

was therefore used to demonstrate the effect on adsorption and benzenesulfonate 

was used for ion exchange effects only.  The ion exchange resins were expected to 

have poor removal efficiencies for the neutral compound as compared to their 

relatively higher efficiency for ionic compounds.  

The resins (MNs) will be tested to see the exact contributions of ion exchange and 

adsorption for adsorption resins as a contrast to the ion exchangers.  MN200 has no 
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functional groups and therefore was not expected to remove the ionic compound 

well.  MN100 does contain some functional groups, though only a small amount 

(exchange capacity = 0.1 – 0.3 eq/L); therefore, MN100 was expected to have at 

least some minor success in removing benzenesulfonate. 

2.1.2 Examination of the effects of Resin Functional Groups on 
Interaction Mechanisms 

Titrations were performed on some representative resins to determine the charge 

status of the resins’ functional groups.  Weak base resins were expected to have 

their functional group protonated or deprotonated depending on the solution pH, 

while strong base resins and adsorption resins were not expected to demonstrate 

any significant change due to pH.  Through the titration experiment, pKa values of 

the resins were determined to see if the resin was affected by pH within the 5-9 

range of typical water treatment systems53,54.  The same four resins were used for 

these experiments: MN100 (primarily adsorbent), MN200 (adsorption only), IRA-

910 (strong base exchanger), and IRA-96 (weak base exchanger).  Strong base 

exchangers are not expected to demonstrate a pKa value, therefore, the results of 

IRA-910 can be applied to any strong base exchanger, such as the polyacrylate 

exchanger, A860. 

2.1.3 Verification of Sorption Kinetics 

It was also necessary to verify the kinetics of the overall sorption process to ensure 

that equilibrium of the sorbate between the aqueous and sorbent phases was 

achieved.  If equilibrium states are not reached, it becomes difficult to develop the 
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model and the mechanistic understanding of individual interactions.  Previous 

experience with adsorption isotherms demonstrated that equilibrium was reached 

within a 48 hour period for similar resins.  A kinetic experiment was performed 

over a few days on each of the major three resins using benzoate as the 

representative compound for all of the sorbates.  This test verified that no additional 

removal processes were occurring beyond the 48 hour period that had to be 

accounted for. 

2.1.4 Determination of pp-LFER and Development of Predictive Models 

To use the pp-LFER expression, first the normalizing factors of Equation 15 must be 

determined through experimental data; the theory of which is explained in the 

above section titled “Determining the pp-LFER Normalizing Coefficients and Using 

the Ideal Gas Phase”.  Because this model will have seven pp-LFER variables to 

determine (v, s, e, a, b, j, c) the resins had sorption isotherm experiments tested on a 

large number of representative compounds to ensure the models accuracy over 

many different compound classes.   

The sorption capacities (Qe) were determined across a wide range of concentrations 

using batch sorption experiments to create isotherms.  Qe values, the sorption 

density, were calculated based upon the following equation: 
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Equation 22 - Sorption Capacity Equation 

Where Ci and Ce are the initial and equilibrium concentrations respectively (µM), V 

is the volume of the solution (mL), and m is the mass of resin (mg).  Qe is in units of 

µmoles of sorbate per gram of sorbent.  Then the Qe values can be fitted to a model.  

The D-A model includes compounds solubility and is therefore not good for fitting a 

wide range of compounds classes.  The Langmuir model though more simple does 

not account for the availability of sorption sites as the sorption density changes.  

Therefore, the Freundlich model was chosen to fit the isotherm data.   

The compounds used include: carboxylic acids, both aliphatic and aromatic; 

phenols; anilines; and some other additional compounds.  The contaminants that 

will be included in this project and a list of their properties, including known pp-

LFER data, can be found in Table 1. 

Because there is also a wide variety of anion exchange resins available, a 

representative set of resins must also be considered for the sorption isotherms.  

This project will primarily focus on three resins from three major types of anionic 

exchange groups to demonstrate the usefulness of the model.  The three 

representative resins are: 

1. Amberlite IRA-910 (strong base Type II polystyrenic) 

2. Amberlite IRA-96 (weak base polystyrenic) 

3. Purolite A860 (strong base polyacrylate) 

Refer back to Table 2 and Figure 1 for details about the resin properties. 
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2.1.5 Sorption Mechanisms and Validation of the Developed Predictive 
Models 

With the above experimentation completed, the data analysis can be performed to 

better understand the mechanism responsible for sorption.  This was primarily 

done by determining the pp-LFERs parameters using multiple linear regressions.  

The feasibility of using the ideal gas reference state was also examined at this stage.  

As the predictive models were completed for the resins, some compounds could 

then be used as test experiments.  The model developed was used to predict 

compounds outside of the training set to determine the accuracy.  Each resin will 

have a model based on a training set of compounds from Table 2.  
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CHAPTER 3 - EXPERIMENTAL 

3.1 Chemicals and Materials 

All resins used in this study had to be purified to remove any undesirable 

contaminants present after shipment from the supplier.  In particular, ion exchange 

resins had to be in the chloride form as opposed to the freebase form.  The cleaning 

procedure is as follows: 

1. Resin was lightly packed into a glass column, removing any air bubbles from the bed 

with gentle packing.  A nonreactive plastic divider held the resin in place while fluid 

could be washed through it. 

2. 10 bed volumes of sodium hydroxide (NaOH) at a 

concentration of 1.0 M were washed through the 

resin at a flow rate of 2.4 bed volumes per hour. 

3. DI water was then passed through the column until 

a neutral pH was achieved in the effluent, as 

determined by a pH meter. 

4. 10 bed volumes of hydrochloric acid (HCl) were 

passed through the resin at the same concentration 

and flow rate as the NaOH.  This step also changes 

the ion exchange group into the chloride form. 

5. Again, the column was rinsed with DI water until a 

neutral pH was observed. 

6. Resins were then washed with 10 bed volumes of 

sodium chloride solution (NaCl). 

7. The resin was then removed into a separate column 

for methanol treatment.  Methanol was cycled 

through the resin using a Soxhlet extractor as shown 

in Figure 4.  This cycle was repeated for about 5 

hours.   

8. After the methanol treatment the resin was 

removed from the column and allowed to air dry for 

2-3 days. 

Figure 4 - Soxhlet Extractor 
Schematic 
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Resins were procured from either Rohm & Haas or Purolite.  Each was pretreated 

according to above procedure.  See Table 2 for a full list of resins used and 

properties and Figure 1 to view typical resin structures. 

All chemicals and solutes used in this study were obtained from Acros Organics, TCI 

America, or Fisher Chemical and used as delivered by the respective companies.  No 

additional purification procedures were performed.  Table 1 lists the various 

chemicals used as sorbates for this study and various chemical properties of each.  

Below table 3 lists the supplier information for the additional laboratory chemicals 

used for experimentation within this study. 

Table 3 - Other Chemicals Used 

Name Formula Supplier Assay Purpose 

Sodium Chloride NaCl Fisher Chemical 99.5% Controlling ionic strength of solutions 
Sodium Hydroxide NaOH Fisher Chemical 97.0% Resin cleaning and pH control 
Hydrochloric Acid HCl Fisher Chemical 34-37% Resin cleaning and pH control 

Methanol CH3OH Fisher Chemical 99.9% Resin clean; HPLC analysis 
Ethanol CH3CH2OH Fisher Chemical 95.27% General lab use 

o-Phosphoric Acid H3PO4 Fisher Chemical 85% HPLC analysis 

 

3.2 Sorption Isotherm Experiments 

Experiments were performed inside amber bottles using Teflon-sealed lids at room 

temperature between 22 and 25 degrees Celsius.  Each compound was tested with 

about 15 to 20 different reactors with each reactor having a different concentration 

of contaminant in deionized (DI) water.  The lowest concentrations tested were 

~0.1 µM and the highest depended on the solubility of the compound ranging from 

approximately 500 µM to 15 mM.  The contaminant to resin ratio was appropriately 

altered to achieve 20-80% removal in all samples.  All samples were given a 
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dominating concentration of 0.020 M sodium chloride to control ionic strength.  

Samples were then adjusted with either NaOH or HCl to approach a neutral pH 

above the compounds pKa plus two pH units.  The reactors were then placed on a 

shaker at 175 rpm for 48 hours.  Concentrations were analyzed using high-

performance liquid chromatography (HPLC), ultraviolet/visible spectroscopy or a 

total organic carbon (TOC) analyzer. 

3.3 Kinetic Experiments 

Containers of 500 mL were prepared with the same concentration of 1.00 mM of 

benzoic acid and 0.020 M ionic strength.  Each container was given an appropriate 

amount of resin to reach approximately 25-75% removal of benzoic acid and an 

additional solution was prepared with the same initial concentrations without resin 

as a control.  These reactors were allowed to shake at 175 rpm for at least 48 hours.  

Two additional tests were performed that allowed the reactors to shake for up to 

two weeks, but no significant difference was observed.  Small aliquots of 

approximately 1.0 mL were periodically taken from the reactors every few hours to 

measure the concentration of benzoic acid remaining in solution.  Samples were 

measured using HPLC analysis. 

3.4 pH Effect on Contaminant Speciation Experiments 

For these experiments, solutions of 10 mL were prepared in amber bottles with 

Teflon sealed caps each with the same concentration of 2.0 mM benzoic acid and 

0.020 M NaCl.  These solutions were added to 50 mg of each type of resin and placed 
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on a shaker at 175 rpm.  pHs were adjusted using either NaOH or HCl solutions and 

repeatedly adjusted over a 48 hour period to maintain a constant pH over the 

course of the experiment.  Aliquots of the reactors were taken for initial and 

equilibrium concentrations.  Samples were analyzed using HPLC analysis. 

3.5 pH Effect on Resin Structure and Ion Exchange / Adsorption 

Experiments 

Experiments for this section were prepared in a similar fashion to the pH Effect on 

Benzoic Acid Experiments; except compounds were chosen that would study the pH 

effect of the resin structure and its ability to undergo ion exchange and adsorption.  

Solutions were prepared in 20 mL amber bottles with concentrations of 2.0-5.0 mM 

of nitrobenzene or benzenesulfonate and 0.020 M of sodium chloride.   10-70 mg of 

resin was added to the solutions in order to achieve a removal percentage between 

20-80%.  pH was adjusted using NaOH and HCl and periodically adjusted over the 

48 hours while on the shaker.  Aliquots of the initial and equilibrium concentrations 

were taken from the reactors.  Nitrobenzene samples were measured using HPLC 

analysis and benzenesulfonate samples using UV-spectrometry.   

3.6 Titrations of Resins 

The resins were prepared by crushing with a mortar and pestle to shorten the time 

required to reach a pH equilibrium with the solution.  20 mL reactors were prepared 

of DI water and equal amounts of crushed resin.  The solution of DI water and resin 

was allowed to reach an equilibrium pH where titration was then started by adding 

increasing increments of NaOH and HCl.  The samples were then allowed to shake 
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for 24-48 hours until the new pH equilibrium was achieved.  pH’s were then read 

from the pH meter and analyzed. 

3.7 Analytical Methods 

3.7.1 High Performance Liquid Chromatography (HPLC) 

HPLC was primarily used for measuring the concentration of the aromatic 

compounds.  This project used an Agilent Technologies 1200 Infinity Series HPLC 

machine.  The typical minimum detection limit was approximately 0.1-5.0 µM 

depending on the compound characteristics.  This is equivalent to approximately 20 

to 900 ppb. 

The following compounds were analyzed using the HPLC: 

1. Benzoate 

2. 4-Chlorobenzoate 

3. 3-Methyl-4-Nitrobenzoate 

4. 3-Methyl-2-Nitrobenzoate 

5. 4-Methoxybenzoate 

6. Naphthoic Acid 

7. Nitrobenzene 

8. Phenol 

9. p-Cresol 

10. 4-Chloroaniline 

11. 4-Nitroaniline 

12. Ibuprofen 

Each of the carboxylic acids has a pKa value between 2.3 and 4.5.  Because of this, 

the mobile phase needed to be acidified to make sure speciation of the compounds 

resulted in predominately neutral species.  This was performed using diluted 

phosphoric acid at a pH of 3.00.  For the acidified mobile phases a Zorbax RX-C18 
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column was used.  The neutral compounds used a mobile phase of DI water and 

methanol while using an Agilent XDB-C18 column.  

Injection volumes into the HPLC were altered depending on the concentration of the 

samples.  Higher injections of 100 µL were used for low concentrations to increase 

instrument sensitivity.  Lower injections of 10 µL were used at higher 

concentrations to lessen background noise. The table below shows the methods 

used for each compound in this study. 

Table 4 - HPLC Methods 

Compound 
Solution 

1 
Solution 

2 

Retention 
Time 
(min) 

Wavelength 
HPLC Range 

µM 
Column 

Benzoate 
MeOH 
(60%) 

H3PO4 
(40%) 

3.75 230 0.1-350 RX-C18 

4-Chlorobenzoate 
MeOH 
(60%) 

H3PO4 
(40%) 

7.00 240 0.1-200 RX-C18 

3-Methyl-4-
Nitrobenzoate 

MeOH 
(60%) 

H3PO4 
(40%) 

5.75 257 0.1-350 RX-C18 

3-Methyl-2-
Nitrobenzoate 

MeOH 
(60%) 

H3PO4 
(40%) 

3.75 223 0.1-350 RX-C18 

4-
Methoxybenzoate 

MeOH 
(60%) 

H3PO4 
(40%) 

3.75 257 0.1-150 RX-C18 

1-Naphthoic Acid 
MeOH 
(70%) 

H3PO4 
(30%) 

4.50 225 0.05-80 RX-C18 

Nitrobenzene 
MeOH 
(80%) 

H2O 
(20%) 

7.00 265 3-750 XDB-C18 

Phenol 
MeOH 
(67%) 

H2O 
(33%) 

4.00 273 0.8-1000 XDB-C18 

p-Cresol 
MeOH 
(65%) 

H2O 
(35%) 

4.50 278 0.4-1000 XDB-C18 

4-Nitroaniline 
MeOH 
(50%) 

H2O 
(50%) 

6.00 382 0.2-500 XDB-C18 

4-Chloroaniline 
MeOH 
(70%) 

H2O 
(30%) 

8.00 241 0.1-200 XDB-C18 

Ibuprofen 
MeOH 
(70%) 

H3PO4 
(30%) 

12.00 230 0.1-200 RX-C18 
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3.7.2 Ultraviolet and Visible (UV/Vis) Spectroscopy 

UV/visible spectroscopy was used to measure the concentrations of 

benzenesulfonate which is too strong of an acid to run through the HPLC without 

degrading the system from excessive acidification.  This project used an Agilent 

Technologies 8453 UV/Visible Spectrometer.  All samples of benzenesulfonate were 

dissolved in DI water.  A wavelength of 215 nm was used for maximum detection.  

This analysis had a higher detection limit than HPLC analysis, at approximately 3 µM 

or 500 ppb. 

3.7.3 Total Organic Carbon (TOC) Analysis 

TOC analysis was necessary to determine the concentrations of the aliphatic 

carboxylates which were too water-soluble for detection through the HPLC and did 

not have sufficient ability for UV/Visible detection.  This project used a Shimadzu 

TOC-VCSH.  Potassium hydrogen phthalate was used to calibrate the total carbon 

measurements from a range of 0.25 – 10 mg of carbon per liter.  Injections of 100 µL 

were used to measure sample concentrations and were repeated three times for 

accuracy.  Inorganic carbon tests were found to negligible when measuring these 

samples.  Concentrations from the TOC machine were converted from mg/L of 

carbon to molar concentrations based on the number of carbons within the 

compound.  The three compounds measured by this technique were: 

1. Acetate 

2. Isobutyrate 

3. Dichloroacetate 



45 

 

The detection limit of TOC analysis was higher than the other two methods and thus 

was used only on compounds that are incapable of detection via the other analytical 

methods.  The lower limit was approximately 700 µM or 42 to 90 ppm.   
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CHAPTER 4 - RESULTS AND DISCUSSIONS 

4.1 Kinetic Experiments 

The following experiment was conducted to validate the assumption that the 

sorption of the sorbates on the resins can reach equilibrium within a 48 hour 

period.  As shown in Figure 5 (benzoate sorption as an example) the sorption of 

benzoate on all three major resins reach equilibrium within the first few hours.  The 

data demonstrates that no significant change in removal efficiency occurs within the 

48 hours.  Additional tests were run collecting intermediate samples for up to two 

weeks and no observable difference was noted.   Therefore, 48 hours was deemed a 

sufficient amount of time to allow for equilibrium for sorption experiments, and all 

sorption experiments performed in this study were given 48 hours on a shaker to 

reach equilibrium.  Similar experiments were performed for each major class of 

contaminant: benzenesulfonate, phenols, anilines, and nitrobenzene (data not 

shown).  All compounds yielded similar results and an equilibrium period of 48 

hours proved sufficient. 

Sorption capacities from the kinetic experiments alone could not be compared with 

significant relevance as only one concentration was tested and amounts of resin 

differed for each reactor.  Sorption capacities are compared later under the section 

“Sorption Isotherm Experiments”. 

 



47 

 

 

 

 

 

 

 

 

 

Figure 5 - Kinetic Results of Benzoate Sorption 

Experimental Conditions: benzoate concentration: 1000 µM.  Volume of the reactors: 500 mL.  Resin amounts 

differed: A860 750 mg; IRA-910 750 mg; IRA-96 2250 mg 

4.2 Titration Experiments 

Titration experiments were performed to demonstrate the effect of pH on the 

speciation of the resins’ functional groups, which is important to understand the 

differences, if any, in sorption over typical environmental pH values (between 5 and 

9).  The buffer capacity was used to determine the effect of resin on the pH of the 

system and was calculated by determining the change in the amount of acid/base 

added (μL) over the change in pH.  As can be seen from Figure 6, the charged 

functional groups of IRA-910 and MN-100 show little change to the buffer capacity 

of the resin over a wide range of pH values.  IRA-910 is a strong base anion 

exchanger; therefore, no change was expected to the functional groups.  The results 

of IRA-910 can be applied to any strong base exchanger or adsorbent without weak 

acid functional groups.  MN-100 on the other hand, does have some weak acid 
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groups and was expected to show a slight buffering capacity.  However, as shown in 

Table 2, MN100 has a relatively small exchange capacity and therefore has only a 

small number of exchange functional groups on its surface.  Figure 6 shows that this 

small amount of functional groups is not significant enough to demonstrate a sizable 

buffering capacity.  IRA-96 does have enough functional groups to demonstrate 

some buffering capacity and can be clearly seen in the figure.  The experiment 

shows a pKa value for IRA-96 averaging at a pH of 6.0.  This agrees with the work 

done by Miyazaki and Nakai55, which determined a pKa to be about 6.4 for IRA-96.    

 

Figure 6 - Titration of Major Resins 

Experimental Conditions: Reactor volumes: 20 mL.  Amount of resin for each reactor: 0.160 g.  Samples titrated 

from neutral pH with varying amounts of NaOH and HCl until pH values of 2.5 and 11.5 were achieved. 
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4.3 Effect of pH on Contaminant Sorption 

Although the resins of concern are primarily ion exchangers, there is some amount 

of adsorption associated with the process that occurs from simple weak Van der 

Waals attractions and π-π interactions between the sorbate and sorbent34.  The 

relative contributions between adsorption versus ion exchange were thought to be 

pH dependent.  For example, when the pH is below the pKa of a compound, the 

protonated species is predominant; otherwise, the deprotonated species is 

predominately present.  An example of pH speciation is shown for benzoic acid and 

the ionic species benzoate in Figure 7.  The species present dramatically affects the 

major sorption mechanisms.  For carboxylic acids and phenols, having a pH above 

the pKa allows for the main mechanisms of removal to include ion exchange.  

However, for other compounds such as anilines, the protonated species is positively 

charged and is repelled from anion exchangers. 

  

Figure 7 - Benzoic Acid and Benzoate Equilibrium 

Likewise, the pKa of the functional groups located on the resin is also important for 

the sorption on resins with weak base functional groups.  The pH dependent amine 

groups may lose their charge based upon the solution pH relative to the resin’s pKa.  

When this occurs, the ability to undergo ion exchange with the contaminant is 

severely diminished.  Consequently, it is important to measure and quantify the 
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contribution of each removal mechanism over a wide range of pHs and to verify that 

these resins would perform well in standard environmental conditions.   

4.3.1 Protonation of the Resin Functional Groups 

This section describes the experiments performed to determine exactly the 

contribution of adsorption versus ion exchange.  As previously mentioned, 

benzenesulfonate and nitrobenzene were used for these experiments because they 

will be either all ionic species or neutral species respectively.  By comparing the 

sorption efficiencies, the importance of each mechanism to a resin at a certain pH 

can be reached.  Figure 8 and Figure 9 show the results of nitrobenzene on two ion 

exchange resins (IRA-910 and IRA-96) and adsorption resins (MN100 and MN200) 

respectively.  Comparatively, the ion exchange resins have significantly poorer 

sorption capacity for neutral compounds than the adsorbent resins.  This is due to 

the relative hydrophilicity of the different resins.  Ion exchange resins are more 

hydrophilic than neutral adsorbents and are therefore negatively affected when 

adsorbing the generally hydrophobic neutral compounds.  Although IRA-910 in 

Figure 8does not show any significant change in sorption capacity over the pH range, 

substantial pH effect on the sorption on IRA-96 can be observed.  IRA-96 has a pKa 

value at approximately 6.  Below the pKa, the amine functional group will be 

positively charged and thus more hydrophilic.  Therefore, the sorption capacity 

toward neutral nitrobenzene will be decreased compared to that at pH values higher 

than the pKa IRA-96.  



51 

 

Figure 9 demonstrates a relatively constant trend for the sorption on both MN100 

and MN200.  As stated above, MN200 has no weak base functional groups and was 

not expected to show any trend over the range of pHs.  MN100 does have some 

amine functional groups; however, as noted in the above section for titrations, these 

functional groups comprise a very small amount and do not appear to affect 

sorption.  The Qe values for ion exchangers (Figure 8) are almost two orders of 

magnitude smaller than the values for neutral resins (Figure 9), showing that the 

sorption contribution for ion exchangers is relatively small.   

 

 Figure 8 - Effect of pH on the Sorption of Nitrobenzene Using Ion Exchange Resins 

Experimental Conditions: Concentration of Nitrobenzene: 1000 µM.  Volume of reactors: 20 mL.  Amount of resin: 

65 mg. 
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Figure 9 - Effect of pH on the Sorption of Nitrobenzene Using Adsorption Resins 

Experimental Conditions: Concentration of Nitrobenzene: 1000 µM.  Volume of reactors: 20 mL.  Amount of resin: 

40 mg. 

 

Figure 10 and Figure 11 show the effect of pH on the sorption of benzenesulfonate, 

the ionic compound.  It can be observed that ion exchangers (i.e., IRA-910 and IRA-

96) exhibited relatively more effective sorption for benzenesulfonate than the 

adsorbent resins (i.e., MN 100 and 200).  Additionally, IRA-910 shows relatively 

constant sorption capacity over the pH range (3-10) because it is a strong base 

exchanger.  The slightly lower capacity of IRA-910 at pH <2 or >10 is likely due to 

the high concentration of either proton (pH<2) or hydroxide (pH>10) that competes 

more favorably with benzenesulfonate for the limited number of exchange sites.  

However, as expected from previous experiments, it appears in the higher pH range 

that IRA-96 demonstrates a loss of efficiency.  The reason is from the deprotonation 

of its ion exchange groups.  However, it is note-worthy that the sorption efficiency is 

essentially constant for both the weak base and strong base anion exchangers at the 

pH 5~9 which was applied for the isotherm experiments. 
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The Macronet resins clearly demonstrated a poor ability in removing 

benzenesulfonate from the aqueous phase as shown in Figure 11.  Much like before, 

the sorption efficiency of MN200 is not affected by the changes in pH.  MN-100 does 

however, have a small ion exchange capacity due to the few tertiary amine 

functional groups on its surface.  The notable decrease in its ion exchange capacity is 

likely due to the pKa of these functional groups; as the amine groups are 

deprotonated at pH > pKa, MN-100 loses its ability to perform ion exchange and 

begins to mimic MN-200, which has negligible ion exchange capacity.   

 

Figure 10 - Effect of pH on the Sorption of Benzenesulfonate Using Ion Exchange Resins 

Experimental Conditions: Concentration of Benzenesulfonate: 1000 µM.  Volume of reactors: 20 mL.  Amount of 

resin: 30 mg. 
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Figure 11 - Effect of pH on the Sorption of Benzenesulfonate Using Adsorption Resins 

Experimental Conditions: Concentration of Benzenesulfonate: 1000 µM.  Volume of reactors: 20 mL.  Amount of 

resin: 120 mg. 

The results of the experiments with both nitrobenzene (neutral) and 

benzenesulfonate (ionic) clearly demonstrate the relative contribution of ion 

exchange and adsorption for the resins.  The ion exchangers, IRA-910 and IRA-96, 

demonstrated Qe values at approximately 350 μmol/g for the ionic compound as 

compared to Qe values between 10 and 40 μmol/g while removing the neutral 

compound.  The neutral resins, MN100 and MN200, showed the reverse trend.   

4.3.2 Compound Speciation 

In order to demonstrate the effect of the speciation of the solute on the removal 

efficiency, benzoate was used as a representative sorbate against the MN and IRA 

resins.  In Figure 12, the sorption capacities of four Macronet resins (MN100, 

MN150, MN200, & MN250) were compared over a wide range of pH values and 

plotted against the speciation of benzoic acid.  MN200 and MN250 both contain no 
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exchange capacity and vary only in total surface area and pore structure.  MN100 

and MN150 are essentially counterparts to MN200 and MN250 while containing a 

relatively small exchange capacity.  Above the pKa of benzoic acid (4.21) when it 

exists predominately as benzoate anion, removal efficiency was severely reduced 

while the MN resins demonstrated sufficient removal efficiency when the neutral 

species was present.  Although MN-100 and MN-150 both have some functional 

groups associated with their surfaces and have a small ion-exchange capacity, their 

primary mode of contaminant sorption must be adsorption as suggested by Figure 

12 and their low ion exchange capacity.  It should be noted that MN100 and MN150 

showed a slight increase over MN200 and MN250, respectively.  However, the 

increase from adding these functional groups to hypercrosslinked resins is not very 

significant. 
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Figure 12 - Effect of pH on the Overall Sorption of Benzoic Acid on Macronet Resins 

Experimental Conditions: Concentration of Benzoic Acid: 1000 µM.  Volume of reactors: 10 mL.  Amount of resin: 65 

mg. 

Figure 13 demonstrates a similar experiment using the predominately ion-exchange 

dependent resins, IRA-910 and IRA-96.  As expected, the opposite trend was 

observed where the removal capacity was increased as the charged compound 

became the predominant species present in solution.  Again this experiment 

demonstrated the above mentioned trend, showing that ion exchange resins are 

superior to adsorption resins when removing charged compounds.  It should be 

noted that Figure 13 does not contain as wide a range of points as Figure 12 for IRA-

96 because of the difficulty in adjusting the pH of these samples.  It does 

demonstrate, however, that sorption is significantly increased when solution pH is 

above the pKa of the compound.  Also, the above results from the nitrobenzene and 
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benzensulfonate experiments strongly suggest that these ion exchange resins have 

very good removal efficiencies above the pKa of the compound. 

 

 

Figure 13 - Effect of pH on the Overall Sorption of Benzoic Acid on Ion Exchange Resins 

Experimental Conditions: Concentration of Benzoic Acid: 1000 µM.  Volume of reactors: 10 mL.  Amount of resin: 50 

mg. 
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4.4 Sorption Isotherms 

As mentioned above the sorption isotherms must be performed to fit the Freundlich 

equations and develop a relationship between the equilibrium concentration Ce and 

the sorption capacity Qe.  The list of compounds in Table 1 each had a batch 

experiment performed to create an isotherm using each of the three resins chosen 

to represent the major classes of ion exchange resins (IRA-910, IRA-96, and A860).  

This data is included in the supporting Appendices.  The only exceptions are the 

isotherms of the sorption of the neutral compounds onto A860 as they had 

negligible removal (data not shown).  This was attributed to A860 not having 

aromatic rings within its matrix structure.  Without these rings, the interactions 

between the non-polar moieties are severely reduced.  Therefore, these neutral 

compounds will not be part of the analysis for A860. 

Figure 14, Figure 15, and Figure 16 show the collective isotherm data for IRA-910, 

IRA-96, and A860 respectively.   Each isotherm was fitted well to the Freundlich 

equation with R2 values greater than 0.99 except the aliphatic carboxylates, which 

concentrations were measured by the total organic carbon analyzer (TOC).  This 

was attributed to the lesser precision of TOC as compared to the HPLC.  The TOC 

analyzer also limited the range of concentrations that were able to be tested from 

the usual, 0.1-5000 μM, to a smaller range 100-5000 μM.  An additional test was 

performed that compared two benzoate isotherms, each with the two different 

ranges.  It demonstrated that the smaller range can accurately produce a 

comparable Freundlich equation to the larger range.  As of the R2 values for the 
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aliphatic compounds, they remained greater than 0.88.  The Freundlich data for each 

compound is displayed in Table 5, Table 6, and Table 7. 

The isotherm figures demonstrate that certain compounds have a greater affinity for 

the sorption process than others, even between compounds of the same charge.  As 

mentioned before in the introduction, this is known as a compound’s selectivity.  By 

examining the differences in selectivity from the isotherm figures, a better 

understanding can be developed about the relative contributions of the 

nonelectrostatic interactions to a compound’s selectivity.  The isotherm results 

showed that the two polystyrenic resins have near the same order of compound 

selectivity while the polyacrylic resin behaves quite differently.  For polystyrenic 

resins, the order of the removal of various compound classes is as follows: aromatic 

carboxylates > benzenesulfonate > anilines ≈ chlorinated acetate > phenols > 

nitrobenzene > nonchloronated aliphatic carboxylates.  As expected, the resins had 

the strongest sorption strength for aromatic compounds that contained a negative 

charge.  This demonstrates the combined synergistic strength of electrostatic 

interactions and nonelectrostatic interactions as proposed by Li & Sengupta34 as 

shown in Figure 2.  The importance of this combined effect can further be 

demonstrated by examining the differences in selectivity between the aromatic and 

aliphatic carboxylate group.  There are primarily two contributors to the poor 

removal of aliphatic carboxylates.  First, these compounds have a significantly 

smaller molar volume and are less affected by the cavity formation forces that drive 

compounds from the aqueous phase.  Second, without the aromatic ring the 
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aliphatic compounds will not have the stronger π-π interactions with the 

polystyrenic resin matrices.  This increases the relative negative contribution of 

hydrogen bonding and other nonspecific interactions that attract the aliphatic 

compounds to the aqueous phase, making them difficult to remove.  

Additional qualitative analysis of the selectivity of compounds can reveal other 

trends as well.  For instance, the difference between the removals of carboxylate 

aromatics and benzenesulfonate can be studied.  One possible explanation suggests 

the importance of the selectivity of the different ion groups is affected by pore 

structure, ion exchange functional groups and resin matrix33.  Another explanation 

may be that the negative charge on sulfonates is more localized than that of 

benzoates causing various effects on the electrostatic and nonelectrostatic 

interactions with the resin matrices.  More work is needed to further understand the 

differences in the removal of carboxylates versus sulfonates and other anionic 

groups. 

 Also of note is the effect of the two chlorine groups on dichloroacetate.  These 

strong electron withdrawing groups likely make the compound more susceptible to 

dipole and induced dipole interactions that aid in the overall sorption.  The 

contribution of the molar volume’s effect to the water cavity formation force can 

also be examined.  As mentioned previously, the smaller aliphatic compounds were 

negatively affected by their size while larger compounds had a greater affinity to 
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sorption.  Good examples of this include 1-naphthoate for all of the resins and the 

sorption of ibuprofen which was done on IRA-910.   

Further trends are observed that explain the effects of nonionic functional groups 

on the selectivity of a compound.  Within the various carboxylates, the general 

preference was: 3-methyl-nitro- > chloro- > methoxy- groups.  This preference in 

functional groups can be explained by the relative electron withdrawing or donating 

capability of the group.  A stronger electron withdrawing group will help the 

compound interact with the resin matrix by increasing its ability to undergo π-π and 

H-bonding interactions (the compound can act as a π-acceptor or a H-donor).  

Therefore, the nitro- groups have the highest removals because they are the 

strongest electron withdrawing group.  Chloro- groups are next as they have a 

slightly electron withdrawing capacity and methoxy- is last because this group is 

actually slightly electron donating.  It was also observed that the nitro- group in the 

para- position was preferable to the ortho- position.  This is because the nitro- 

group in the para- position will have additional resonance effects that increase its 

electron withdrawing capability while the ortho- position has intramolecular 

hydrogen-bonding that decreases it. 

Examining the preference between the neutral compounds shows an order of 

anilines > phenols > nitrobenzene.  The selectivity of these neutral compounds is 

likely due to the relative differences in H-bonding interactions.  Anilines and 

phenols are both strong hydrogen donors and are able to undergo relatively strong 
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H-bonding interactions with the polymer matrix.  Nitrobenzene on the other hand 

has a comparatively less reactive functional group and undergoes weaker H-

bonding interactions.  Also of note, is that the aniline compounds demonstrated the 

trend from the carboxylates that showed a preference for nitro- groups over chloro- 

groups. 

The polyacrylic resin, on the other hand, behaved rather differently.  The preference 

was: benzenesulfonate > aromatic carboxylates > aliphatic carboxylates > neutral 

compounds (removal negligible).  This difference from polystyrenic resins is due to 

the lack of aforementioned π-π interactions with the resin matrix, which does not 

contain aromatic rings.  Thus the selectivity of a compound onto the polyacrylic 

resin was influenced more by other nonelectrostatic interactions that are not 

related to the aromatic structures.  This is also why isotherm data is unavailable for 

the neutral compounds on A860.  Significant removal percentages were not 

practical to obtain for these compounds that lacked electrostatic interactions; 

however, this did demonstrate that π-π interactions are significantly stronger than 

the other nonspecific interactions that contribute to sorption as removal was 

observed with the polystyrenic resins. 

Some trends found in the analysis of the polystrenic resins were true for the 

polyacrylate resin as well.  Such as the effects of molar volume like the example of 1-

naphthoate, a large compound being removed more easily than the small aliphatic 

compounds.  Also repeated was the selectivity of the para- position over the ortho- 
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position for the nitrobenzoates and increased affinity for the dichloronated aliphatic 

carboxylate over the nonchloronated ones.  However, some trends were different.  

Benzoate had a higher affinity on A860, likely attributable to the relative decrease in 

the importance of the additional specific and nonspecific interactions with the 

polyacrylate resin, and thus the effect of electron withdrawing/donating groups on 

the contaminant were lessened.  Further evidence of this was the chloro- group 

being preferred over the nitro- groups.  

Another qualitative analysis can be performed based on the Freundlich values for n.  

As previously noted in the introduction, n can be used to describe the binding 

strength of the site of attachment as sorption capacity increases.  It appears that 

there is a small decrease in this strength for the polystyrenic resins as they have n 

values at approximately 0.80 to 0.95.  The polyacrylic resin on the other hand has n 

values very close to 1.0.  This suggests that the polyacrylic resin’s ability to remove 

the compounds is not greatly affected by the sorption capacity at these 

concentrations. 
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Figure 14 - Removal of compounds using IRA-910, a strong base polystyrenic resin  

 

Table 5 - Freundlich Equation Data for IRA-910 

Compound R2 K n 

Benzoate 0.998 3.0511 0.7429 
p-chlorobenzoate 0.9969 2.339 0.9238 

3-methyl-2-nitrobenzoate 0.9987 2.8919 0.8448 
3-methyl-4-nitrobenzoate 0.9987 3.4786 0.8784 

4-methoxybenzoate 0.9957 1.1099 0.9066 
1-naphthoic acid 0.9968 3.098 0.9015 

Benzenesulfonate 0.995 1.063 0.936 
4-chloroaniline 0.9949 0.0892 0.9497 
4-nitroaniline 0.9979 0.3967 0.8875 

Phenol 0.9965 0.0412 0.9518 
p-cresol 0.9998 0.1048 0.8938 

Nitrobenzene 0.9975 0.0413 0.9099 
Acetate 0.953 0.156 1.0026 

Isobutyrate 0.913 0.0089 1.085 
Dichloroacetate 0.9668 0.0632 1.1782 

Ibuprofen 0.9957 2.9338 0.8385 
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Figure 15 - Removal of compounds using IRA-96, a weak base polystyrenic resin  

 

Table 6 - Freundlich Equation Data for IRA-96 

 Compound R2 K n 

Benzoate 0.9972 1.4215 0.8657 
p-chlorobenzoate 0.9941 6.7867 0.8355 

3-methyl-2-nitrobenzoate 0.996 5.2166 0.8221 
3-methyl-4-nitrobenzoate 0.9933 11.084 0.7792 

4-methoxybenzoate 0.9927 1.5995 0.9016 
1-naphthoic acid 0.9968 3.098 0.9015 

Benzenesulfonate 0.9921 1.447 0.8636 
4-chloroaniline 0.9915 0.5547 0.828 
4-nitroaniline 0.9929 1.3558 0.8007 

Phenol 0.9968 0.1996 0.9009 
p-cresol 0.9987 0.4562 0.8659 

Nitrobenzene 0.997 0.1873 0.8588 
Acetate 0.919 3.5622 0.3763 

Isobutyrate 0.8847 0.76067 0.5900 
Dichloroacetate 0.8847 0.76067 0.9165 
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Figure 16 - Removal of compounds using A860, a strong base polyacrylic resin 

  

Table 7 - Freundlich Equation Data for A860 

Compound R2 K n 

Benzoate 0.9954 0.2735 0.9371 
p-chlorobenzoate 0.9981 0.1601 1.0084 

3-methyl-2-nitrobenzoate 0.9978 0.1066 1.0598 
3-methyl-4-nitrobenzoate 0.9998 0.098 1.0033 

4-methoxybenzoate 0.9996 0.0854 1.0364 
1-naphthoic acid 0.9995 0.2145 1.0095 

Benzenesulfonate 0.9975 0.2366 0.9845 
Acetate 0.9448 0.5084 0.6109 

Isobutyrate 0.8823 0.4833 0.7852 
Dichloroacetate 0.9827 0.1462 0.7988 
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A comparison was made not just between compounds but between resins as well. 

Figure 17 shows three compounds on each resin to demonstrate the differences in 

removal.  A similar pattern is displayed in each of the three compounds: 4-

chlorobenzoate, 4-methoxybenzoate, and 1-naphthoate.  In all three cases IRA-96, 

the weak base polystyrene exchanger demonstrates the best removal capacity.  The 

strong base polystyrene exchanger, IRA-910, removes slightly less.  It is expected 

that these two resins would be fairly close in removal capacity as they have 

extremely similar structures.  There are a few physiochemical properties that differ 

between these two resins that could explain this difference (see Table 2).  The 

hydrophilicity of the resin has the potential to affect sorption.  The more hydrophilic 

the resin, the more water molecules 

have to be displaced for the solute to 

attach to the resin; therefore, more 

Figure 17 - Comparison Between Resins:  
4-Chlorobenzoate (top  right),  

4-methoxybenzoate (bottome left),  
1-naphthoate (bottom right) 
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hydrophilicity would hinder overall sorption.  Moisture content is a measure of this 

hydrophilicity; and although IRA-96 has a slightly higher moisture content than IRA-

910, they are very close in value.  This may mean that moisture content alone isn’t a 

good comparison between resins if IRA-96 removes more.  One explanation may be 

the density of ion exchange functional groups on the surface of the resin, which is 

measured by the exchange capacity.  IRA-96 has approximately 25% more ion 

exchange capacity than IRA-910.  However, because IRA-96 is a weak base 

exchanger, it was shown earlier that its functional groups are affected by pH 

changes within the solution.  This means that the total ion exchange capacity for 

IRA-96 may lessen if pH values approach the resin pKa.  Thus, IRA-910 may have a 

comparable removal capacity below pH values of 6.0 (the determined pKa of IRA-

96).  A final contributor may also be the aliphatic chains attached to the ammonia 

functional group on IRA-910.  Because it is a type II strong base exchanger, it has a 

hydroxyethyl group which may undergo some hydrogen bonding effects with its 

surrounding or the solute that could negatively affect sorption.  One or a 

combination of the above may be responsible for the difference in removal. 

A860’s removal on the other hand is an order of magnitude lower than the 

polystyrene resins.  This is likely due to the previously discussed different matrix of 

acrylate that cannot undergo π-π interactions with the solutes.  In addition, A860 

has an approximately 10% higher moisture content as well as a reduced ion 

exchange capacity, both of which would negatively affect sorption. 
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4.5 pp-LFER Analysis 

After obtaining the above isotherm data for each of the resins, the polyparameter 

linear free energy relationships could be determined.  A training set of isotherms 

were used to determine the Gibbs free energy between phases.  For the calculation 

from aqueous to sorbent phase, Equation 19 was used along with the Freundlich 

fitting data and sorbent properties.  The Gibbs value from aqueous to the 

hypothetical ideal gas phase was estimated using the ion transfer energy and was 

calculated using SPARC22,56.  The values for the ion transfer energies can be found in 

Table 1.  Thus by obtaining these two Gibbs free energies the third, from the ideal 

gas phase to the sorbent phase, can be calculated through Equation 16.  After 

obtaining the Gibbs free energy values an equation can be set up for each compound 

based on Equation 21,                         .  After using 

multiple linear analysis, the regression coefficients can be determined for the 

predictive model. 

4.5.1 Analysis from Aqueous to Sorbent Phase 

Table 8 shows an example of the steps included to determining the regression 

coefficients for the model.  As mentioned in the introduction, the pp-LFER 

regressions were determined as functions of Qe to allow for a meaningful 

comparison of sorbate-sorbent interactions across different resins by providing an 

equal coverage of sorption sites.  Table 8 shows three Qe values for each resin as a 

demonstration.  After obtaining a table of e, s, a, b, v, j-, c values for each Qe, an 

equation was determined that was Qe dependent.  An example is shown for IRA-910 
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in Figure 18 and equations used in Table 9; a similar analysis was performed for 

each resin. 

 

Table 8 - pp-LFER Multiple Linear Regression Data for Water to Sorbent Phase 

Phase Resin 
Qe 

(μmol/g) 
Regression Coefficients 

R2 

e s a b v j- c 

-ΔGS-W 

IRA-910 

1 9.84 0.0 -1.32 -7.74 11.24 9.87 7.78 0.914 

100 10.76 0.0 -1.94 -10.93 13.82 13.30 6.49 0.930 

1000 11.22 0.0 -2.25 -12.53 15.11 15.02 6.10 0.928 

IRA-96 

1 3.13 0.0 0.0 0.0 3.15 1.58 21.80 0.749 

100 9.39 0.0 0.0 0.0 -8.29 2.17 28.20 0.550 

1000 12.52 0.0 0.0 0.0 -14.01 2.46 31.40 0.530 

A860 

1 5.77 0.0 0.0 -3.77 -3.97 0.0 33.91 0.740 

100 8.58 0.0 0.0 -4.02 -10.32 0.0 38.79 0.800 

1000 9.99 0.0 0.0 -4.14 -13.50 0.0 41.23 0.821 

 
 
 
Table 9 - Equations to Fit Regression Parameters 

for IRA-910 

fc                   

fe                 

fs Negligible 

fa                  

fb                  

fv                  

fj-                 

 

  

Figure 18 - Regression Coefficient Against Adsorption 
Capacity for IRA-910 



71 

 

Once the regression coefficients have been determined for a selected resin, a 

quantitative analysis on the relative importance of each coefficient can be done.  For 

IRA-910 the main driving forces from the aqueous to the resin phase come from the 

V, and J- values as well as E to a lesser extent.  This means the volume cavity 

formation force, V, and electrostatic interactions J- are the greater contributors to 

the sorption and induced dipole interactions plays a secondary role in the overall 

sorption.  Both hydrogen bonding terms and permanent dipole interactions 

negatively contributed to the sorption however, only the hydrogen bonding was 

considered significant.  Although nonspecific interactions such as H-bonding and π-

π interactions contribute to the selectivity of solutes on the resins, the pp-LFER 

analysis directly from the aqueous phase seems to suggest that these interactions 

don’t have an important role in the overall sorption process.  This is due to the 

interference of solvent associated interactions when performed the pp-LFER 

analysis without using a hypothetical ideal gas phase.  Also, the value of the “c” 

constant may demonstrate an overall entropy gain from sorption onto the ion 

exchanger from the aqueous phase. 

IRA-96 displayed somewhat different behavior after predicting the Abraham 

coefficients.  It demonstrated that the predominant contribution to the sorption of 

compounds was encompassed by the “c” constant.  This either means that there is a 

large entropy gain from sorption onto to this resin or that there are other forces 

unaccounted for.  However, it can be seen that much like IRA-910, E and J- play a 

role in sorption though the induced dipole forces are a larger contributor than 
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electrostatic forces.  Also of note are the negligible values for hydrogen bonding as 

well as permanent dipole interactions and that the size of the molecules, V, actually 

hindered sorption. 

A860, too, had a large “c” term.  This is likely because of the small size of the training 

set.  Without being able to use a wider variety of compound descriptors for the 

training set, it is difficult to develop a robust model that is more specific regarding 

the individual contributions of interactions to the overall sorption process.  Thus the 

vague “c” term becomes more significant for A860.  The next most important 

interaction to sorption was the induced dipole interactions.  For A860, the cavity 

formation force and hydrogen basicity associated with the compound had the 

greatest negative effect. 

After the linear regression for each coefficient and developing Qe dependent 

equations (Table 9 as an example), the overall Gibbs free energy relationship for the 

phase transfer was rewritten as an equation of Qe: 

      
 
                           

 

  
      

Equation 23 - Model Equation as a Function of Qe 

 With this equation, the predicted Ce value can be determined for a set of Qe armed 

with only the compounds Abraham pp-LFER descriptors and sorbent properties for 

Cads.   

It should be noted that from all of the compounds listed in Table 1, only 

benzenesulfonate was excluded from the modeling process.  This is because it did 
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not have available descriptor information from past literature.  Also, one to three 

compounds were excluded from the development of the model and were set aside as 

a “test set” depending on the amount of training set compounds available for each 

resin.  The test set of compounds were selected because their pp-LFER descriptors 

were largely between the maximum and minimum descriptors from other 

compounds.  As stated previously in the introduction, a test compound should not 

contain descriptors far outside of the range of the training set.  The compounds set 

aside for each resin as a test set are discussed in the section “Verification of Model”. 

4.5.2 Analysis Using the Ideal Gas Reference Phase 

Again, compounds were analyzed using an ideal gas reference state to create a more 

accurate model that gave significant information regarding the sorbate-sorbent 

interactions while avoiding background interference from solvent and solvent-

sorbate interactions.  However, an insufficient method of estimating the Gibbs 

energy to reach the ideal gas phase,        , created complications that prevented 

the successful completion of this analysis. 

As stated in the introduction,         values were calculated from the SPARC 

calculator’s estimations of the ion transfer energy from aqueous to gas phase.  From 

this estimation, the Gibbs free-energy from the gas phase to the sorbent phase, 

       , was calculated using the relationship from Equation 16,  

                       .  Again, multiple linear regressions were used in 
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conjunction with Abraham’s solute descriptors to determine the model’s fitting 

coefficients.  The results of this are partially displayed in Table 10. 

Table 10 - pp-LFER Multiple Linear Regression Data for Ideal Gas to Sorbent Phase 

Phase Resin 
Qe 

(μmol/g) 
Regression Coefficients 

R2 

e s a b v j- c 

-ΔGS-H 

IRA-910 

1 0.0 0.0 0.0 113.08 -53.50 0.0 73.69 0.962 

100 0.0 0.0 0.0 112.92 -51.28 0.0 72.57 0.963 

1000 0.0 0.0 0.0 112.84 -50.17 0.0 72.02 0.964 

IRA-96 

1 0.0 0.0 13.83 115.50 -60.59 0.0 71.86 0.953 

100 0.0 0.0 14.10 115.99 -64.88 0.0 77.19 0.951 

1000 0.0 0.0 14.23 116.23 -67.03 0.0 79.86 0.950 

A860 

1 79.19 -40.46 0.0 0.0 -44.40 0.0 429.87 0.715 

100 83.18 -40.96 0.0 0.0 -51.04 0.0 434.82 0.735 

1000 85.18 -41.22 0.0 0.0 -54.36 0.0 437.30 0.744 

Initial examination of the regression coefficients was promising as they displayed 

relatively high R2 values compared to the aqueous-sorbent phase analysis.  

However, after creating the Qe dependent functions for the regression coefficients 

and developing the model, the predicted values for Ce varied drastically from the 

experimental Ce.  The process attempted is as follows: 

The relationships from Equation 16 and Equation 21 were combined to create: 

                                  
    

Equation 24 - Ideal Gas to Water Initial Relationship 

Then by replacing the value of      with Equation 19: 

-  (  
      

  
     )        (                  

   ) 

Equation 25 - Derivation of Ideal Gas to Water Phase Relationship 

 



75 

 

Finally, the equation can be rearranged as a Qe dependent equation.  For example, 

using the values of the regression coefficients for IRA-910 in Table 10: e, s, a, and j- 

values are assumed to be zero because of their negligible contribution.  Therefore 

the final equation for IRA-910 was: 

      
 
(               ) (                )  (              )      

  
      

Equation 26 - Final Model Prediction for IRA-910 from Gas Phase to Sorbent 

A similar model was developed in the same fashion for each of the resins and used 

to attempt to predict Ce values for each compound.  Below, Figure 19 displays 

results of each predicted model using the ideal gas phase as the reference state.  

Each resin model demonstrated no significant prediction capabilities, resulting in 

predictions that were incorrect by many orders of magnitude. 

 

 

 

Using the hypothetic reference states such as hexadecane and ideal gas have been 

proven successful in predicting sorption isotherms of polymeric resins by works 

Figure 19 – Comparison of Predicted Ce Values 
versus Experimental Ce values.   

Reference line shown to depict perfect prediction. 
 

Top Right: Prediction on IRA-910 
Bottom Left: Prediction on IRA-96 
Bottom Right: Prediction on A860 
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from Pan & Zhang10,11.  For the ideal gas phase analysis performed, Henry’s 

constants were used as the gas-water partition coefficient.  This constant can be 

applied to Equation 17 to calculate the Gibbs free-energy from the aqueous to gas 

phase.  However, Henry’s constants are not available and cannot be used for ions in 

this study and therefore an alternative estimation method was used.  The method 

chosen was using the ion transfer energy from the SPARC calculator22.  It is this 

estimation method that is believed to be responsible for the wide variation and 

error in the predicting model. 

To further assess the accuracy of the calculations determined from the SPARC 

calulator, a comparison was made between the estimated phase transfer energies 

and the calculated energies using Henry’s constant for the neutral compounds in 

this study and applying them to Equation 17. 

Table 11 - Comparison of SPARC and Calculated Water-Gas Energies 

 

Henry's 
Constant57 

Calculated 
     

SPARC Est. 
      

 
(dimensionless) (KJ/mol) (KJ/mol) 

Phenol 0.0000163 -9.41 -23.84 

4-Chloroaniline 0.0000136 -9.86 -23.42 

Nitrobenzene 0.000981 0.74 -16.35 

 

As can be seen in Table 11, the      value estimated from SPARC was consistently 

inaccurate for the neutral compounds.  It is believed that this error was magnified 

further for the ionic compounds as their ion transfer energies were an order of 

magnitude larger than the neutral compounds according to SPARC.  Therefore, 
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although an ideal gas phase as the reference state has been proven successful in the 

past, a more accurate estimation or different value other than the ion transfer 

energy should be explored to estimate the Gibbs free-energy value for water-gas 

transitions. 

4.6 Verification of Model 

The following three figures present show the verification of the model created for 

each resin.  All compounds used to predict the pp-LFER regression coefficients are 

shown in black as the training set compounds and 1-3 compounds were set aside to 

test the accuracy of the model created.  Figure 20 demonstrates the results of this 

test for IRA-910.  It should be noted that IRA-910 is the only resin that included 

Ibuprofen, an emerging contaminant with a more complex structure as one of its 

training compounds.  The test compounds here included 3-methyl-2-nitrobenzoate, 

phenol, and 4-nitroaniline.  The reference line in Figure 20 shows a perfect 

prediction, where the predicted value for Ce exactly equals the experimental value.  

The test compounds in red were accurately predicted within the range of the 

training set of compounds.  IRA-910 easily showed the best modeling fit. 
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Figure 20 - Predicted versus Experimental Ce Values on IRA-910 

  

Figure 21 was developed in much the same method using the isotherm data for IRA-

96.   This model like IRA-910 excluded the benzenesulfonate isotherm because this 

compound lacks accurate descriptors.  It had a total of 12 compounds from Table 1 

that remained the training set while phenol and 3-methyl-2-nitrobenzoate were 

used as the two test compounds, similar to the above.  Although the model spread 

was farther for IRA-96 than for IRA-910, the test compounds were, too, predicted 

within the range of training compounds.  This larger spread could be due in large 

part to experimental error caused in the original isotherms.  This experimental 

error was believed to be a result of IRA-96’s difficultly in maintaining a steady pH 

throughout the experimentations.  As mentioned in the introduction, pH 

adjustments must be made to keep the pH well above the pKa of the compounds to 
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maintain compound in its ionic form.  Being a weak base anion exchanger, IRA-96 

required the addition of larger amounts of sodium hydroxide to raise pH as 

compared to the other resins.  It is believed that these additional volumes of basic 

solutions have somewhat skewed the experimental data resulting in the farther 

spread of data.  In some cases, pH was too close to pKa of the compound and 

calculations had to be made based on the measured pH to determine exactly how 

much of the total contaminant was in its ionic species.  This was often the case for 

contaminants of low removal such as the aliphatic carboxylates, 4-

methoxybenzoate, and benzoate which had pKa values higher than the other 

compounds. 

  

Figure 21 - Predicted versus Experimental Ce Values on IRA-96 

The final resin, A860 was modeled in a similar fashion and the results are shown in   
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Figure 22.  Because it was not feasible to attain isotherms of the neutral compounds 

with this resin, the training set was significantly reduced to include only eight 

compounds, the aromatic and aliphatic carboxylates.  In order to reduce the number 

of variables that needed to be predicted, the a was assumed to be 0 as none of the 

carboxylates had any capacity for H-bonding acidity interactions.  It should be noted 

that using a smaller training set will decrease the accuracy of the model; however, 

as stated before the model should still be reliable to predict a compound similar to 

the training set.  The compounds selected as the test was 3-methyl-2-nitrbenzoate.  

Also in   

Figure 22, two compounds from the training set were largely over predicted.  These 

two compounds were acetate and isobutyrate.  This was due to a similar problem 

that occurred from IRA-96.  These two compounds have relatively high pKa values 

and thus a good amount of sodium hydroxide had to be added to the reactors to 

maintain a stable pH well above the pKa.  This resulting error in volume is believed 

to be the reason for the error.  Also, the error of these two compounds is not well 

compensated for without a larger set of training compounds, as was likely the case 

with IRA-910, which did not have an issue with these two compounds. 

Table 12 shows some of the statistical parameters of the regressions used to 

determine the pp-LFER coefficients.  While p parameters and Mallow’s constants 

were varied for each set of Qe parameters, some examples are shown from the 
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lowest and highest Qe values used to demonstrate the extremes of each statistical 

parameter. 

  

Figure 22 - Predicted versus Experimental Ce Values on A860 

 

Table 12 - Statistical Sample of Regressions 

 
 

Qe 
Mallows 
constant 

(Cp) 

p-values of 
regression 

coefficients 

IR
A

 -
 9

1
0

 

1 6.1 0.294 - 0.001 

5000 5 0.126 - 0.001 

      

IR
A

 -
 9

6
 1 2.3 0.946 - 0.001 

5000 2 0.613 - 0.001 

      

A
8

6
0

 1 4.3 0.206 - 0.001 

5000 17.3 0.097 - 0.001 
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CHAPTER 5 - CONCLUSION 

Priority organic and emerging contaminants are of increasing concern in drinking 

water systems and have proven difficult to remove using typical water treatment 

technologies.  Therefore, understanding the sorption interaction mechanisms and 

ion exchange process between these contaminants and polymeric resins will help 

develop an alternative and potentially effective water treatment method.   

5.1 Summary of the Findings for Individual Objectives 

The following summarizes the findings to each of the listed objectives in section 1.2 

“Summary of Project ” that were used to complete the overall project goal: 

1. “To perform a verification of the sorption kinetics to ensure equilibrium between 

phases was achieved.” 

Kinetic experiments determined equilibrium between the aqueous and sorbent 

phases for the contaminants was achieved in less than a 48 hour period.  Therefore, 

reactors were allowed to shake for 48 hours for all isotherm and pH experiments. 

2. “To examine how the pH of the water system affects the contributions of the two 

mechanisms that are responsible for the removal of contaminants, adsorption and 

ion exchange.” 

Many organic contaminants contain functional groups capable of protonation and 

deprotonation resulting in ionic species that can be difficult to remove from simple 

adsorption in typical water treatment pH ranges.  Also, some ion exchangers are 

subject to speciation changes of the charged functional group.  Titrations of the 

resins revealed that only the weak base resin’s amine charged functional group is 
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subject to speciation changes but remains stable and charged over the range of 

typical drinking water treatment pH values (5-9).  This project also showed that 

sorption onto ion exchange resins proved superior to that of similar neutral 

adsorbents when exposed to anionic contaminants.   

3. “To study the effects of resin matrix structure and ion exchange functional groups 

on the removal interaction mechanisms.” 

There are many different facets that contribute to an anion exchanger’s selectivity 

for these compounds.  This includes the polymer matrix and its structure, the ion 

exchange functional groups, the density of these functional groups on the resin, and 

the hydrophilicity (i.e. moisture content) of the resin.  All of these various properties 

affect the multiple interaction mechanisms between the sorbate and sorbent, as well 

as between the sorbate and surrounding water molecules.  It was determined that 

properties that allowed for stronger nonelectrostatic interactions, especially π-π 

and H-bonding interactions with the sorbate increased the removal potential.  These 

properties included aromatic rings within the matrix structure and the resin 

moisture content.  Increases in electrostatic interactions to aid sorption were found 

mostly to be a product of functional group density and availability. 

4.  “To determine the pp-LFER regression data that will allow for the development of a 

predictive model for the sorption on each anion exchange resin.” 

The complexity of the various interactions involved and properties that affect these 

interactions necessitates the use of a pp-LFER model that can accurately predict the 

sorption of ions.  Three models were created, one for each of the three resins used in 

this study.  15 different compounds were used and tested for the modeling of IRA-
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910, including 6 aromatic carboxylates, 3 aliphatic carboxylates, 2 phenols, 2 

anilines, nitrobenzene, and ibuprofen.  The same compounds were used for the 

model of IRA-96 excluding the pharmaceutical, ibuprofen.  A860 was included only 

the removal of the 9 carboxylates as it does not have sufficient removal capacities 

for the neutral compounds.  pp-LFER regression coefficients were determined for 

each compound.  IRA-910 achieved the highest accuracy with R2 values of 91-93%.  

IRA-96 had an accuracy of 53-75%; this error is attributable to various pH 

adjustments required to control the pH of this weak base exchanger over the 48 

hours equilibrium period for the isotherm data.  A860 achieved R2 values from 74-

82%, which can be increased if additional contaminants were used to increase the 

amount of training compounds. 

5. “To perform a study on the individual sorption mechanisms based on the developed 

pp-LFER models and to verify the predictive capabilities.” 

Through this modeling a relative ordering of the contributions of the individual 

mechanisms responsible for sorption was made.  It was determined that 

electrostatic interactions from charged functional groups in conjunction with 

nonelectrostatic interactions from other groups, especially those such as aromatic 

rings and electron donating/withdrawing groups that increased capacity for π-π 

and H-bonding, provided for the most effective removal capacities.  A general 

preference of aromatic carboxylates > benzenesulfonate > anilines > phenols > 

nitrobenzene > aliphatic carboxylates was observed for the polystyrenic compounds 

due to their ability to undergo strong specific interactions between aromatic rings.  
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The polyacrylate resin showed a preference of benezenesulfonate > aromatic 

carboxylates > aliphatic carboxylates >> neutral compounds ≈ 0.  

This project was able to produce an effective model for all three resins to predict the 

removal of compounds from the aqueous phase straight to the sorbent phase.  1-3 

test compounds (3-methyl-2-nitrobenzoate, phenol, 4-nitroaniline) were used to 

validate the ability of the model to predict similar compounds to that of the training 

set.  The amount of test set compounds selected was based on the number of 

training set compounds available to develop the model.  All three models were able 

to accurately predict the test set of compounds within the range of error from the 

training set. 

The significance of the interactions used in the model, however, can be difficult to 

truly understand due to the complex interference from surrounding water 

molecules.  This is why past works have proposed and successfully demonstrated 

the hypothetical conversion to an ideal gas phase, which would eliminate all solvent 

interactions.  This project has found that the estimation of aqueous-gas ion transfer 

energies was inaccurate and thereby severely disrupted the ability of model to give 

accurate predictions.  Further work will be needed to determine a viable method of 

estimating the transfer energy from aqueous to the ideal gas phase of ionic 

compounds. 
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This project has demonstrated that ionic species of organic contaminants can 

successfully have their removal capacities predicted using pp-LFER techniques.  But 

it is also believed that these techniques can be applied to emerging contaminants, 

which often contain similar molecular structures.  This provides water treatment 

technologies that can facilitate the regulation of these harmful contaminants 

throughout water systems.  The mechanistic understanding developed throughout 

this study of the various electrostatic and nonelectrostatic interactions also has 

applications in many chemical industries that involve separation processes.  These 

processes may include chromatographic separation, the purification of compounds, 

and the separation of by-products. 

5.2 Future work 

It is important to mention further research that should be performed to continue to 

advance and apply the knowledge and findings of this project.  This study focused 

primarily on model organic contaminants and only including one compound, 

ibuprofen, that is considered an emerging contaminant.  A study should be 

performed using an extensive set of emerging contaminants to verify the 

applicability of the pp-LFER modeling for these more complicated types of organic 

compounds. 

Additionally, successfully developing an ideal gas phase model for ionic species is 

important for isolating the interactions that occur between the contaminant and 

resin structure.  Understanding these isolated mechanisms can help with the 
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tailoring of resins to target specific compounds, increasing their removal capacities.  

It has also been shown that using an ideal gas phase for the development of the 

model will increase the accuracy of predicting removal capacities  

Additionally, this work has focused on the removal of anionic compounds.  The pp-

LFER modeling and examination should further be applied to cationic exchangers to 

address organic contaminants that contain positively charged functional groups.  

This will also aid in the understanding of the removal of emerging contaminants as 

many of these compounds also contain cationic functional groups and sometimes a 

combination of anionic and cationic groups. 

Further work to be considered would involve treating water that is more similar in 

composition to environmental systems.  This includes studying the effects, if any, of 

the presence of natural organic matter (NOM) on anion exchange resins the 

accuracy of the model.  It is possible that NOM particles could interfere with 

electrostatic interactions due to their tendency to hold charges.  There may also be 

the possibility of ‘fouling’ the resin, where these large particles essentially block 

access to the porous microstructure of the polymer limiting the available contact 

sites.  Finally, more research should be implemented on the sorption of compounds 

in the presence of competition from other ionic species.  This will determine greater 

details into the selectivity of compounds on the resins in closer to real-world 

conditions. 
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APPENDIX A: ENERGY OF PHASE TRANSFER 

Table 13 - IRA-910 Isotherm and Gibbs Free-Energy Values 

benzoate 
    Ce Qe K n  -ΔGSW  -ΔGHW  -ΔGSH 

μM μmol/g     KJ/mol KJ/mol KJ/mol 
0.44 1 3.051 0.743 31.60 -286.01 317.61 
2.42 10 3.051 0.743 33.07 -286.01 319.08 
7.98 50 3.051 0.743 34.09 -286.01 320.10 

13.36 100 3.051 0.743 34.54 -286.01 320.54 
22.36 200 3.051 0.743 34.98 -286.01 320.98 
44.17 500 3.051 0.743 35.56 -286.01 321.57 
73.93 1000 3.051 0.743 36.00 -286.01 322.01 

123.72 2000 3.051 0.743 36.44 -286.01 322.45 
244.38 5000 3.051 0.743 37.03 -286.01 323.03 

       
       4-Chlorobenzoate 

    0.46 1 2.339 0.924 31.81 -282.37 314.17 
3.83 10 2.339 0.924 32.24 -282.37 314.61 

16.93 50 2.339 0.924 32.54 -282.37 314.91 
32.11 100 2.339 0.924 32.68 -282.37 315.04 
60.92 200 2.339 0.924 32.81 -282.37 315.17 

142.04 500 2.339 0.924 32.98 -282.37 315.35 
269.46 1000 2.339 0.924 33.11 -282.37 315.48 
511.19 2000 2.339 0.924 33.24 -282.37 315.61 

1191.79 5000 2.339 0.924 33.41 -282.37 315.78 

       
       3-methyl-2-nitrobenzoate 

    0.41 1 2.892 0.845 32.51 -325.90 358.41 
2.85 10 2.892 0.845 33.39 -325.90 359.30 

11.11 50 2.892 0.845 34.01 -325.90 359.92 
19.95 100 2.892 0.845 34.28 -325.90 360.18 
35.83 200 2.892 0.845 34.54 -325.90 360.45 
77.71 500 2.892 0.845 34.90 -325.90 360.80 

139.57 1000 2.892 0.845 35.16 -325.90 361.07 
250.67 2000 2.892 0.845 35.43 -325.90 361.33 
543.60 5000 2.892 0.845 35.78 -325.90 361.69 
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Table 13 (con’t) – IRA-910 Isotherm and Gibbs Free-Energy Values 

3-methyl-4-nitrobenzoate 
    Ce Qe K n  -ΔGSW  -ΔGHW  -ΔGSH 

μM μmol/g     KJ/mol KJ/mol KJ/mol 
0.33 1 3.479 0.878 33.00 -291.15 324.15 
2.53 10 3.479 0.878 33.69 -291.15 324.84 

10.39 50 3.479 0.878 34.18 -291.15 325.33 
19.11 100 3.479 0.878 34.39 -291.15 325.54 
35.13 200 3.479 0.878 34.59 -291.15 325.75 
78.56 500 3.479 0.878 34.87 -291.15 326.02 

144.42 1000 3.479 0.878 35.08 -291.15 326.23 
265.49 2000 3.479 0.878 35.29 -291.15 326.44 
593.75 5000 3.479 0.878 35.56 -291.15 326.71 

       
       p-anisic acid 

    0.93 1 1.085 0.919 30.23 -283.50 313.72 
7.70 10 1.085 0.919 30.69 -283.50 314.19 

33.79 50 1.085 0.919 31.01 -283.50 314.51 
63.89 100 1.085 0.919 31.15 -283.50 314.65 

120.81 200 1.085 0.919 31.29 -283.50 314.79 
280.41 500 1.085 0.919 31.47 -283.50 314.97 
530.20 1000 1.085 0.919 31.61 -283.50 315.11 

1002.51 2000 1.085 0.919 31.75 -283.50 315.25 
2326.98 5000 1.085 0.919 31.93 -283.50 315.43 

       
       1-naphthoic acid 

    0.36 1 3.058 0.922 33.24 -292.66 325.90 
2.98 10 3.058 0.922 33.69 -292.66 326.34 

13.14 50 3.058 0.922 34.00 -292.66 326.66 
24.89 100 3.058 0.922 34.13 -292.66 326.79 
47.15 200 3.058 0.922 34.27 -292.66 326.92 

109.71 500 3.058 0.922 34.45 -292.66 327.10 
207.83 1000 3.058 0.922 34.58 -292.66 327.24 
393.69 2000 3.058 0.922 34.71 -292.66 327.37 
916.09 5000 3.058 0.922 34.89 -292.66 327.55 

       
       benzenesulfonate 

    0.98 1 1.022 0.947 29.92 -345.18 375.10 
8.67 10 1.022 0.947 30.22 -345.18 375.40 

39.77 50 1.022 0.947 30.43 -345.18 375.61 
76.66 100 1.022 0.947 30.52 -345.18 375.71 

147.76 200 1.022 0.947 30.62 -345.18 375.80 
351.79 500 1.022 0.947 30.74 -345.18 375.92 
678.07 1000 1.022 0.947 30.83 -345.18 376.01 

1306.95 2000 1.022 0.947 30.92 -345.18 376.10 
3111.63 5000 1.022 0.947 31.04 -345.18 376.22 
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Table 13 (con’t) – IRA-910 Isotherm and Gibbs Free-Energy Values 

4-chloroaniline 
    Ce Qe K n  -ΔGSW  -ΔGHW  -ΔGSH 

μM μmol/g     KJ/mol KJ/mol KJ/mol 
9.93 1 0.089 0.950 23.99 -23.42 47.41 

88.42 10 0.089 0.950 24.28 -23.42 47.70 
407.71 50 0.089 0.950 24.48 -23.42 47.90 
787.48 100 0.089 0.950 24.57 -23.42 47.99 

1520.99 200 0.089 0.950 24.66 -23.42 48.07 
3631.20 500 0.089 0.950 24.77 -23.42 48.19 
7013.56 1000 0.089 0.950 24.86 -23.42 48.27 

13546.49 2000 0.089 0.950 24.94 -23.42 48.36 
32340.77 5000 0.089 0.950 25.06 -23.42 48.48 

       
       4-nitroaniline 

    2.27 1 0.397 0.888 27.72 -35.88 63.61 
17.53 10 0.397 0.888 28.37 -35.88 64.25 
73.15 50 0.397 0.888 28.82 -35.88 64.70 

135.32 100 0.397 0.888 29.01 -35.88 64.89 
250.34 200 0.397 0.888 29.20 -35.88 65.08 
564.55 500 0.397 0.888 29.46 -35.88 65.34 

1044.40 1000 0.397 0.888 29.65 -35.88 65.53 
1932.10 2000 0.397 0.888 29.84 -35.88 65.72 
4357.13 5000 0.397 0.888 30.10 -35.88 65.98 

       
       phenol 

    20.81 1 0.041 0.952 21.63 -23.84 45.47 
186.27 10 0.041 0.952 21.90 -23.84 45.74 
861.83 50 0.041 0.952 22.10 -23.84 45.93 

1667.02 100 0.041 0.952 22.18 -23.84 46.02 
3224.49 200 0.041 0.952 22.26 -23.84 46.10 
7712.95 500 0.041 0.952 22.37 -23.84 46.21 

14919.04 1000 0.041 0.952 22.45 -23.84 46.29 
28857.66 2000 0.041 0.952 22.54 -23.84 46.37 
69027.24 5000 0.041 0.952 22.65 -23.84 46.48 

       
       p-cresol 

    7.51 1 0.105 0.894 24.57 -23.63 48.20 
58.80 10 0.105 0.894 25.17 -23.63 48.80 

247.82 50 0.105 0.894 25.60 -23.63 49.23 
460.47 100 0.105 0.894 25.78 -23.63 49.41 
855.58 200 0.105 0.894 25.96 -23.63 49.59 

1940.62 500 0.105 0.894 26.20 -23.63 49.83 
3605.80 1000 0.105 0.894 26.39 -23.63 50.01 
6699.80 2000 0.105 0.894 26.57 -23.63 50.20 

15196.39 5000 0.105 0.894 26.81 -23.63 50.44 
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Table 13 (con’t) – IRA-910 Isotherm and Gibbs Free-Energy Values 

nitrobenzene 
    Ce Qe K n  -ΔGSW  -ΔGHW  -ΔGSH 

μM μmol/g     KJ/mol KJ/mol KJ/mol 
18.17 1 0.041 0.910 22.31 -16.35 38.66 

147.65 10 0.041 0.910 22.82 -16.35 39.18 
638.62 50 0.041 0.910 23.18 -16.35 39.54 

1199.91 100 0.041 0.910 23.34 -16.35 39.69 
2254.52 200 0.041 0.910 23.49 -16.35 39.84 
5189.67 500 0.041 0.910 23.70 -16.35 40.05 
9750.95 1000 0.041 0.910 23.85 -16.35 40.20 

18321.21 2000 0.041 0.910 24.01 -16.35 40.36 
42173.52 5000 0.041 0.910 24.21 -16.35 40.56 

       
       acetate 

    69.91 1 0.015 1.011 17.24 -348.57 365.81 
717.50 10 0.015 1.011 17.18 -348.57 365.75 

3653.32 50 0.015 1.011 17.13 -348.57 365.70 
7364.09 100 0.015 1.011 17.11 -348.57 365.68 

14843.99 200 0.015 1.011 17.10 -348.57 365.66 
37496.20 500 0.015 1.011 17.07 -348.57 365.64 
75582.09 1000 0.015 1.011 17.05 -348.57 365.62 

152352.84 2000 0.015 1.011 17.03 -348.57 365.60 
384846.26 5000 0.015 1.011 17.00 -348.57 365.57 

       
       isobutyrate 

    167.85 1 0.009 1.085 16.29 -334.27 350.56 
2041.32 10 0.009 1.085 15.81 -334.27 350.07 

11702.92 50 0.009 1.085 15.47 -334.27 349.74 
24826.29 100 0.009 1.085 15.32 -334.27 349.59 
52665.89 200 0.009 1.085 15.18 -334.27 349.44 

142329.29 500 0.009 1.085 14.98 -334.27 349.25 
301933.88 1000 0.009 1.085 14.84 -334.27 349.10 
640515.12 2000 0.009 1.085 14.69 -334.27 348.96 

1730988.96 5000 0.009 1.085 14.50 -334.27 348.77 

       
       dichloroacetate 

    25.88 1 0.063 1.178 20.75 -319.55 340.30 
390.12 10 0.063 1.178 19.74 -319.55 339.28 

2598.49 50 0.063 1.178 19.03 -319.55 338.57 
5880.24 100 0.063 1.178 18.72 -319.55 338.27 

13306.65 200 0.063 1.178 18.42 -319.55 337.96 
39167.12 500 0.063 1.178 18.01 -319.55 337.56 
88632.94 1000 0.063 1.178 17.70 -319.55 337.25 

200571.25 2000 0.063 1.178 17.40 -319.55 336.95 
590366.35 5000 0.063 1.178 16.99 -319.55 336.54 
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Table 13 (con’t) – IRA-910 Isotherm and Gibbs Free-Energy Values 

ibuprofen 
    Ce Qe K n  -ΔGSW  -ΔGHW  -ΔGSH 

μM μmol/g     KJ/mol KJ/mol KJ/mol 
0.41 1 2.934 0.839 33.41 -326.15 359.57 
2.80 10 2.934 0.839 34.33 -326.15 360.49 

10.78 50 2.934 0.839 34.98 -326.15 361.13 
19.28 100 2.934 0.839 35.25 -326.15 361.41 
34.47 200 2.934 0.839 35.53 -326.15 361.69 
74.33 500 2.934 0.839 35.90 -326.15 362.05 

132.91 1000 2.934 0.839 36.18 -326.15 362.33 
237.67 2000 2.934 0.839 36.45 -326.15 362.61 
512.44 5000 2.934 0.839 36.82 -326.15 362.97 
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Table 14 - IRA-96 Isotherm and Gibbs Free-Energy Values 

benzoate 
    Ce Qe K n  -ΔGSW  -ΔGHW  -ΔGSH 

μM μmol/g     KJ/mol KJ/mol KJ/mol 
0.74 1 1.422 0.866 30.19 -286.01 316.19 
5.41 10 1.422 0.866 30.95 -286.01 316.96 

21.81 50 1.422 0.866 31.49 -286.01 317.50 
39.73 100 1.422 0.866 31.72 -286.01 317.73 
72.41 200 1.422 0.866 31.95 -286.01 317.96 

160.05 500 1.422 0.866 32.26 -286.01 318.26 
291.65 1000 1.422 0.866 32.49 -286.01 318.49 
531.46 2000 1.422 0.866 32.72 -286.01 318.72 

1174.80 5000 1.422 0.866 33.02 -286.01 319.03 

       
       4-Chlorobenzoate 

    0.20 1 6.787 0.836 33.71 -282.37 316.08 
1.38 10 6.787 0.836 34.65 -282.37 317.02 
5.30 50 6.787 0.836 35.30 -282.37 317.67 
9.47 100 6.787 0.836 35.59 -282.37 317.96 

16.89 200 6.787 0.836 35.87 -282.37 318.24 
36.32 500 6.787 0.836 36.24 -282.37 318.61 
64.81 1000 6.787 0.836 36.53 -282.37 318.89 

115.65 2000 6.787 0.836 36.81 -282.37 319.18 
248.68 5000 6.787 0.836 37.18 -282.37 319.55 

       
       3-methyl-2-nitrobenzoate 

    0.26 1 5.217 0.822 33.53 -325.90 359.44 
1.71 10 5.217 0.822 34.55 -325.90 360.45 
6.41 50 5.217 0.822 35.26 -325.90 361.16 

11.34 100 5.217 0.822 35.56 -325.90 361.47 
20.04 200 5.217 0.822 35.87 -325.90 361.77 
42.57 500 5.217 0.822 36.27 -325.90 362.18 
75.26 1000 5.217 0.822 36.58 -325.90 362.48 

133.05 2000 5.217 0.822 36.88 -325.90 362.79 
282.59 5000 5.217 0.822 37.29 -325.90 363.19 
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Table 14 (con’t) – IRA-96 Isotherm and Gibbs Free-Energy Values 

3-methyl-4-nitrobenzoate 
    Ce Qe K n  -ΔGSW  -ΔGHW  -ΔGSH 

μM μmol/g     KJ/mol KJ/mol KJ/mol 
0.15 1 11.084 0.779 34.81 -291.15 325.96 
0.92 10 11.084 0.779 36.07 -291.15 327.22 
3.23 50 11.084 0.779 36.95 -291.15 328.10 
5.55 100 11.084 0.779 37.33 -291.15 328.48 
9.53 200 11.084 0.779 37.71 -291.15 328.86 

19.45 500 11.084 0.779 38.21 -291.15 329.36 
33.39 1000 11.084 0.779 38.59 -291.15 329.74 
57.30 2000 11.084 0.779 38.97 -291.15 330.12 

117.01 5000 11.084 0.779 39.47 -291.15 330.62 

       
       p-anisic acid 

    0.65 1 1.600 0.902 30.97 -283.50 314.47 
5.22 10 1.600 0.902 31.53 -283.50 315.03 

22.28 50 1.600 0.902 31.93 -283.50 315.43 
41.62 100 1.600 0.902 32.10 -283.50 315.59 
77.75 200 1.600 0.902 32.27 -283.50 315.76 

177.61 500 1.600 0.902 32.49 -283.50 315.99 
331.81 1000 1.600 0.902 32.66 -283.50 316.16 
619.86 2000 1.600 0.902 32.83 -283.50 316.32 

1416.05 5000 1.600 0.902 33.05 -283.50 316.55 

       
       1-naphthoic acid 

    0.36 1 3.098 0.902 33.10 -292.66 325.75 
2.88 10 3.098 0.902 33.66 -292.66 326.32 

12.27 50 3.098 0.902 34.05 -292.66 326.71 
22.92 100 3.098 0.902 34.22 -292.66 326.88 
42.82 200 3.098 0.902 34.39 -292.66 327.05 
97.82 500 3.098 0.902 34.61 -292.66 327.27 

182.72 1000 3.098 0.902 34.78 -292.66 327.44 
341.33 2000 3.098 0.902 34.95 -292.66 327.61 
779.67 5000 3.098 0.902 35.18 -292.66 327.83 

       
       benzenesulfonate 

    0.73 1 1.447 0.864 30.54 -345.18 375.72 
5.31 10 1.447 0.864 31.32 -345.18 376.50 

21.31 50 1.447 0.864 31.86 -345.18 377.05 
38.78 100 1.447 0.864 32.10 -345.18 377.28 
70.56 200 1.447 0.864 32.33 -345.18 377.51 

155.69 500 1.447 0.864 32.64 -345.18 377.82 
283.28 1000 1.447 0.864 32.88 -345.18 378.06 
515.45 2000 1.447 0.864 33.11 -345.18 378.29 

1137.23 5000 1.447 0.864 33.42 -345.18 378.60 
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Table 14 (con’t) – IRA-96 Isotherm and Gibbs Free-Energy Values 

4-chloroaniline 
    Ce Qe K n  -ΔGSW  -ΔGHW  -ΔGSH 

μM μmol/g     KJ/mol KJ/mol KJ/mol 
1.63 1 0.555 0.828 28.36 -23.42 51.78 

10.96 10 0.555 0.828 29.34 -23.42 52.76 
41.56 50 0.555 0.828 30.02 -23.42 53.44 
73.78 100 0.555 0.828 30.32 -23.42 53.74 

130.97 200 0.555 0.828 30.62 -23.42 54.03 
279.68 500 0.555 0.828 31.01 -23.42 54.42 
496.50 1000 0.555 0.828 31.30 -23.42 54.72 
881.40 2000 0.555 0.828 31.60 -23.42 55.02 

1882.21 5000 0.555 0.828 31.99 -23.42 55.41 

       
       4-nitroaniline 

    0.78 1 1.356 0.801 30.25 -35.88 66.13 
4.95 10 1.356 0.801 31.38 -35.88 67.26 

17.97 50 1.356 0.801 32.18 -35.88 68.06 
31.30 100 1.356 0.801 32.52 -35.88 68.40 
54.52 200 1.356 0.801 32.86 -35.88 68.74 

113.56 500 1.356 0.801 33.31 -35.88 69.20 
197.81 1000 1.356 0.801 33.66 -35.88 69.54 
344.58 2000 1.356 0.801 34.00 -35.88 69.88 
717.66 5000 1.356 0.801 34.45 -35.88 70.33 

       
       phenol 

    4.27 1 0.200 0.901 25.44 -23.84 49.28 
33.99 10 0.200 0.901 26.00 -23.84 49.84 

144.91 50 0.200 0.901 26.40 -23.84 50.24 
270.57 100 0.200 0.901 26.57 -23.84 50.41 
505.22 200 0.200 0.901 26.74 -23.84 50.58 

1153.42 500 0.200 0.901 26.96 -23.84 50.80 
2153.70 1000 0.200 0.901 27.13 -23.84 50.97 
4021.46 2000 0.200 0.901 27.30 -23.84 51.14 
9180.95 5000 0.200 0.901 27.53 -23.84 51.37 

       
       p-cresol 

    1.97 1 0.456 0.866 27.77 -23.63 51.39 
14.49 10 0.456 0.866 28.53 -23.63 52.16 
58.38 50 0.456 0.866 29.06 -23.63 52.69 

106.40 100 0.456 0.866 29.30 -23.63 52.92 
193.91 200 0.456 0.866 29.53 -23.63 53.15 
428.72 500 0.456 0.866 29.83 -23.63 53.46 
781.34 1000 0.456 0.866 30.06 -23.63 53.69 

1423.97 2000 0.456 0.866 30.29 -23.63 53.92 
3148.30 5000 0.456 0.866 30.59 -23.63 54.22 
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Table 14 (con’t) – IRA-96 Isotherm and Gibbs Free-Energy Values 

nitrobenzene 
    Ce Qe K n  -ΔGSW  -ΔGHW  -ΔGSH 

μM μmol/g     KJ/mol KJ/mol KJ/mol 
4.21 1 0.187 0.859 25.82 -16.35 42.17 

30.45 10 0.187 0.859 26.62 -16.35 42.97 
121.29 50 0.187 0.859 27.18 -16.35 43.54 
219.96 100 0.187 0.859 27.43 -16.35 43.78 
398.90 200 0.187 0.859 27.67 -16.35 44.02 
876.23 500 0.187 0.859 27.99 -16.35 44.34 

1589.08 1000 0.187 0.859 28.23 -16.35 44.58 
2881.84 2000 0.187 0.859 28.47 -16.35 44.83 
6330.24 5000 0.187 0.859 28.79 -16.35 45.15 

       
       acetate 

    0.62 1 3.562 0.376 28.84 -348.57 377.40 
1.47 10 3.562 0.376 32.39 -348.57 380.96 
2.70 50 3.562 0.376 34.88 -348.57 383.45 
3.51 100 3.562 0.376 35.95 -348.57 384.52 
4.55 200 3.562 0.376 37.02 -348.57 385.59 
6.43 500 3.562 0.376 38.44 -348.57 387.01 
8.34 1000 3.562 0.376 39.51 -348.57 388.08 

10.83 2000 3.562 0.376 40.58 -348.57 389.15 
15.29 5000 3.562 0.376 42.00 -348.57 390.57 

       
       isobutyrate 

    1.11 1 0.891 0.917 28.61 -334.27 362.88 
9.17 10 0.891 0.917 29.08 -334.27 363.35 

40.09 50 0.891 0.917 29.42 -334.27 363.68 
75.67 100 0.891 0.917 29.56 -334.27 363.83 

142.83 200 0.891 0.917 29.70 -334.27 363.97 
330.78 500 0.891 0.917 29.89 -334.27 364.16 
624.36 1000 0.891 0.917 30.04 -334.27 364.30 

1178.50 2000 0.891 0.917 30.18 -334.27 364.45 
2729.25 5000 0.891 0.917 30.37 -334.27 364.64 

       
       dichloroacetate 

    1.18 1 0.761 0.590 28.30 -319.55 347.85 
4.57 10 0.761 0.590 30.64 -319.55 350.19 

11.82 50 0.761 0.590 32.27 -319.55 351.82 
17.79 100 0.761 0.590 32.98 -319.55 352.52 
26.77 200 0.761 0.590 33.68 -319.55 353.23 
45.97 500 0.761 0.590 34.61 -319.55 354.16 
69.20 1000 0.761 0.590 35.32 -319.55 354.86 

104.16 2000 0.761 0.590 36.02 -319.55 355.57 
178.85 5000 0.761 0.590 36.95 -319.55 356.50 
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Table 15 - A860 Isotherm and Gibbs Free-Energy Values 

benzoate 
    Ce Qe K n  -ΔGSW  -ΔGHW  -ΔGSH 

μM μmol/g     KJ/mol KJ/mol KJ/mol 
3.37 1 0.274 0.937 26.49 -286.01 312.50 

29.16 10 0.274 0.937 26.85 -286.01 312.86 
131.74 50 0.274 0.937 27.10 -286.01 313.11 
252.25 100 0.274 0.937 27.21 -286.01 313.22 
482.97 200 0.274 0.937 27.32 -286.01 313.33 

1139.81 500 0.274 0.937 27.46 -286.01 313.47 
2182.36 1000 0.274 0.937 27.57 -286.01 313.58 
4178.52 2000 0.274 0.937 27.68 -286.01 313.68 
9861.25 5000 0.274 0.937 27.82 -286.01 313.83 

       
       4-Chlorobenzoate 

    6.34 1 0.160 1.008 25.24 -282.37 307.61 
64.67 10 0.160 1.008 25.19 -282.37 307.56 

327.74 50 0.160 1.008 25.16 -282.37 307.53 
659.31 100 0.160 1.008 25.14 -282.37 307.51 

1326.33 200 0.160 1.008 25.13 -282.37 307.50 
3341.44 500 0.160 1.008 25.11 -282.37 307.48 
6721.90 1000 0.160 1.008 25.09 -282.37 307.46 

13522.30 2000 0.160 1.008 25.08 -282.37 307.45 
34066.94 5000 0.160 1.008 25.06 -282.37 307.43 

       
       3-methyl-2-nitrobenzoate 

    10.72 1 0.107 1.060 24.36 -325.90 350.26 
123.08 10 0.107 1.060 24.02 -325.90 349.92 
677.57 50 0.107 1.060 23.78 -325.90 349.68 

1412.48 100 0.107 1.060 23.68 -325.90 349.58 
2944.52 200 0.107 1.060 23.58 -325.90 349.48 
7775.91 500 0.107 1.060 23.44 -325.90 349.34 

16210.00 1000 0.107 1.060 23.34 -325.90 349.24 
33792.05 2000 0.107 1.060 23.24 -325.90 349.14 
89238.31 5000 0.107 1.060 23.10 -325.90 349.00 

       
       3-methyl-4-nitrobenzoate 

    10.28 1 0.098 1.003 24.47 -291.15 315.62 
103.61 10 0.098 1.003 24.45 -291.15 315.60 
520.81 50 0.098 1.003 24.43 -291.15 315.58 

1044.01 100 0.098 1.003 24.43 -291.15 315.58 
2092.79 200 0.098 1.003 24.42 -291.15 315.57 
5247.83 500 0.098 1.003 24.41 -291.15 315.57 

10519.69 1000 0.098 1.003 24.41 -291.15 315.56 
21087.56 2000 0.098 1.003 24.40 -291.15 315.55 
52878.54 5000 0.098 1.003 24.40 -291.15 315.55 
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Table 15 (con’t) – A860 Isotherm and Gibbs Free-Energy Values 

p-anisic acid 
    Ce Qe K n  -ΔGSW  -ΔGHW  -ΔGSH 

μM μmol/g     KJ/mol KJ/mol KJ/mol 
12.81 1 0.085 1.036 23.68 -283.50 307.17 

139.26 10 0.085 1.036 23.47 -283.50 306.97 
738.33 50 0.085 1.036 23.32 -283.50 306.82 

1514.39 100 0.085 1.036 23.26 -283.50 306.76 
3106.17 200 0.085 1.036 23.20 -283.50 306.70 
8028.78 500 0.085 1.036 23.12 -283.50 306.61 

16467.86 1000 0.085 1.036 23.05 -283.50 306.55 
33777.27 2000 0.085 1.036 22.99 -283.50 306.49 
87307.10 5000 0.085 1.036 22.91 -283.50 306.41 

       
       1-naphthoic acid 

    4.73 1 0.215 1.010 26.79 -292.66 319.45 
48.35 10 0.215 1.010 26.74 -292.66 319.39 

245.49 50 0.215 1.010 26.70 -292.66 319.36 
494.22 100 0.215 1.010 26.68 -292.66 319.34 
994.98 200 0.215 1.010 26.67 -292.66 319.32 

2509.20 500 0.215 1.010 26.65 -292.66 319.30 
5051.54 1000 0.215 1.010 26.63 -292.66 319.29 

10169.84 2000 0.215 1.010 26.61 -292.66 319.27 
25646.87 5000 0.215 1.010 26.59 -292.66 319.25 

       
       benzenesulfonate 

    4.13 1 0.237 0.985 26.30 -345.18 371.49 
39.88 10 0.237 0.985 26.39 -345.18 371.58 

194.50 50 0.237 0.985 26.45 -345.18 371.64 
384.84 100 0.237 0.985 26.48 -345.18 371.66 
761.46 200 0.237 0.985 26.51 -345.18 371.69 

1876.80 500 0.237 0.985 26.54 -345.18 371.73 
3713.49 1000 0.237 0.985 26.57 -345.18 371.75 
7347.62 2000 0.237 0.985 26.60 -345.18 371.78 

18110.00 5000 0.237 0.985 26.63 -345.18 371.81 

       
       acetate 

    3.13 1 0.206 0.722 24.89 -348.57 373.46 
16.52 10 0.206 0.722 26.48 -348.57 375.05 
52.82 50 0.206 0.722 27.58 -348.57 376.15 
87.14 100 0.206 0.722 28.06 -348.57 376.63 

143.76 200 0.206 0.722 28.54 -348.57 377.11 
278.65 500 0.206 0.722 29.17 -348.57 377.74 
459.72 1000 0.206 0.722 29.65 -348.57 378.22 
758.45 2000 0.206 0.722 30.12 -348.57 378.69 

1470.14 5000 0.206 0.722 30.75 -348.57 379.32 
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Table 15 (con’t) – A860 Isotherm and Gibbs Free-Energy Values 

isobutyrate 
    Ce Qe K n  -ΔGSW  -ΔGHW  -ΔGSH 

μM μmol/g     KJ/mol KJ/mol KJ/mol 
17.37 1 0.047 0.932 21.87 -334.27 356.13 

148.42 10 0.047 0.932 22.26 -334.27 356.52 
664.86 50 0.047 0.932 22.53 -334.27 356.80 

1268.23 100 0.047 0.932 22.65 -334.27 356.91 
2419.17 200 0.047 0.932 22.76 -334.27 357.03 
5681.04 500 0.047 0.932 22.92 -334.27 357.19 

10836.71 1000 0.047 0.932 23.04 -334.27 357.30 
20671.27 2000 0.047 0.932 23.15 -334.27 357.42 
48543.13 5000 0.047 0.932 23.31 -334.27 357.58 

       
       dichloroacetate 

    2.45 1 0.339 0.828 26.55 -319.55 346.10 
16.48 10 0.339 0.828 27.53 -319.55 347.08 
62.48 50 0.339 0.828 28.22 -319.55 347.76 

110.93 100 0.339 0.828 28.51 -319.55 348.06 
196.96 200 0.339 0.828 28.81 -319.55 348.35 
420.68 500 0.339 0.828 29.20 -319.55 348.74 
746.90 1000 0.339 0.828 29.49 -319.55 349.04 

1326.10 2000 0.339 0.828 29.79 -319.55 349.33 
2832.38 5000 0.339 0.828 30.18 -319.55 349.72 
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APPENDIX B: ISOTHERM DATA 

Table 16 - IRA-910 Experimental Isotherm Data 

  benzoate 4-chlorobenzoate 3-methyl-2-nitrobenzoate 

NO. Cini Ce Qe % Removed Cini Ce Qe % Removed Cini Ce Qe % Removed 

  μM μM μmol/g   μM μM μmol/g   μM μM μmol/g   

1 10.15 6.99 12.85 31% 0.12 0.10 0.20 20% 0.10 0.05 0.27 49% 

2 21.10 15.24 23.64 28% 0.51 0.36 0.95 30% 0.52 0.28 1.02 47% 

3 50.32 37.07 41.69 26% 1.08 0.85 2.03 21% 1.05 0.69 2.24 34% 

4 104.25 75.80 80.38 27% 2.92 2.27 5.33 22% 2.98 2.14 4.61 28% 

5 306.68 240.00 114.18 22% 4.91 3.78 9.22 23% 5.03 3.74 7.58 26% 

6 589.90 350.04 237.96 41% 9.90 7.51 17.19 24% 10.10 7.33 14.52 27% 

7 766.40 434.21 278.22 43% 31.05 22.21 53.90 28% 28.33 19.52 35.51 31% 

8 984.67 554.40 318.24 44% 59.65 46.18 82.14 23% 55.71 39.97 65.58 28% 

9 206.19 102.45 69.35 50% 89.32 68.34 116.51 23% 86.76 61.88 102.81 29% 

10 1485.13 739.98 414.43 50% 119.38 88.87 151.81 26% 113.93 84.07 124.41 26% 

11 1903.62 948.00 479.73 50% 174.54 126.44 197.14 28% 172.47 118.03 175.62 32% 

12 2741.11 1237.43 681.01 55% 239.98 166.06 254.90 31% 229.28 156.41 223.54 32% 

13 3246.84 1478.01 740.10 54% 354.73 257.64 349.21 27% 344.53 230.18 281.65 33% 

14 5183.45 2151.19 808.60 58% 478.04 339.18 459.79 29% 468.79 311.11 355.13 34% 

15         598.18 413.16 547.41 31% 558.14 370.50 424.52 34% 

Freundlich Data 

R
2
          0.998      R

2
          0.997      R

2
         0.999  

k        3.0511    
 

k        2.3390    
 

k       2.8919  

1/n        0.7429      1/n        0.9238      1/n       0.8448  
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Table 16 (con’t) – IRA-910 Experimental Isotherm Data 

  3-methyl-4-nitrobenzoate 4-methoxybenzoate 1-naphthoate 

NO. Cini Ce Qe % Removed Cini Ce Qe % Removed Cini Ce Qe % Removed 

  μM μM μmol/g   μM μM μmol/g   μM μM μmol/g   

1 0.09 0.06 0.25 34% 0.53 0.42 0.39 19% 0.11 0.08 0.26 28% 

2 0.48 0.29 1.16 39% 1.06 0.82 0.90 22% 0.51 0.34 1.08 34% 

3 0.96 0.67 2.56 30% 3.15 2.48 2.66 22% 1.03 0.77 2.43 26% 

4 2.91 2.06 7.03 29% 5.21 4.14 4.41 23% 3.01 2.19 6.86 27% 

5 4.85 3.51 11.05 28% 10.51 7.86 7.35 23% 5.09 3.61 11.94 29% 

6 10.00 7.04 21.15 30% 50.57 38.83 36.01 25% 10.40 7.45 20.93 28% 

7 24.55 17.12 46.45 30% 77.44 56.65 49.60 26% 26.28 18.68 46.32 29% 

8 49.41 35.62 87.27 28% 98.82 78.54 67.81 26% 52.12 37.07 92.36 29% 

9 73.56 52.41 118.85 29% 201.53 138.14 103.72 33% 77.08 55.03 123.92 29% 

10 98.45 68.70 148.01 30% 301.03 206.17 142.12 33% 105.12 72.37 161.31 31% 

11 145.57 100.53 186.13 31% 404.83 289.35 195.58 32% 158.67 107.16 218.27 32% 

12 196.14 127.56 244.92 35% 509.18 316.17 212.02 34% 213.04 139.16 267.70 35% 

13 295.08 199.14 340.21 33% 608.75 420.85 275.27 33% 315.95 210.74 365.30 33% 

14 396.78 265.57 431.61 33% 

    
  

 
 

  

15 492.16 321.06 500.27 35%                 

Freundlich Data 

R
2
          0.999      R

2
          0.997      R

2
         0.998  

k        3.4786    
 

k        1.0850    
 

k       3.0578  

1/n        0.8784      1/n        0.9190      1/n       0.9217  
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Table 16 (con’t) – IRA-910 Experimental Isotherm Data 

  acetate isobutyrate dichloroacetate 

NO. Cini Ce Qe % Removed Cini Ce Qe % Removed Cini Ce Qe % Removed 

  μM μM μmol/g   μM μM μmol/g   μM μM μmol/g   

1 799.61 645.22 9.48 19% 976.20 774.60 12.37 21% 590.71 239.28 35.14 59% 

2 1038.84 778.57 14.81 25% 1497.50 1163.60 16.73 22% 855.47 293.34 53.41 66% 

3 1226.35 923.86 16.04 25% 1737.80 1266.20 20.97 27% 1160.19 395.46 68.07 66% 

4 1492.28 1119.66 18.72 25% 2207.00 1493.90 31.59 32% 1500.71 452.51 88.68 70% 

5 1563.03 1181.68 16.94 24% 2269.50 1702.30 25.27 25% 1320.04 406.19 73.11 69% 

6 2108.43 1561.92 22.96 26% 2518.30 1871.00 28.72 26% 1794.19 517.23 102.61 71% 

7 2563.54 1860.97 31.25 27% 3331.70 2263.80 47.45 32% 1951.13 499.57 115.66 74% 

8 2858.78 2095.76 33.89 27% 3388.30 2527.30 34.57 25% 2456.91 638.80 144.41 74% 

9 3356.60 2368.17 39.49 29% 4107.80 2681.50 47.48 35% 2946.88 810.49 153.92 72% 

10 3984.43 2617.95 45.55 34% 5400.40 3343.70 63.20 38% 3361.09 826.98 168.83 75% 

11 4870.71 3175.04 52.13 35%   
 

 
  4387.64 1031.52 205.83 76% 

Freundlich Data 

R
2
          0.975      R

2
          0.913      R

2
         0.967  

k        0.0150    
 

k        0.0089    
 

k       0.0632  

1/n        1.0113      1/n        1.0850      1/n       1.1782  
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Table 16 (con’t) – IRA-910 Experimental Isotherm Data 

  ibuprofen benzensulfonate nitrobenzene 

NO. Cini Ce Qe % Removed Cini Ce Qe % Removed Cini Ce Qe % Removed 

  μM μM μmol/g   μM μM μmol/g   μM μM μmol/g   

1 0.26 0.19 0.46 27% 11.29 9.44 7.46 16% 1.32 1.09 0.04 18% 

2 0.49 0.26 1.16 47% 21.88 18.09 15.79 17% 3.13 2.55 0.09 19% 

3 1.08 0.60 2.39 44% 53.61 41.13 38.51 23% 7.31 5.94 0.21 19% 

4 3.10 2.11 4.96 32% 108.40 81.19 74.74 25% 11.06 9.00 0.30 19% 

5 5.51 3.80 8.58 31% 209.37 141.39 112.55 32% 21.74 17.31 0.63 20% 

6 10.28 6.84 13.75 33% 404.72 226.27 177.56 44% 66.75 52.06 1.83 22% 

7 20.43 11.13 23.24 46% 623.43 327.51 248.68 47% 106.01 85.62 2.38 19% 

8 49.50 28.08 53.56 43% 831.48 418.40 304.86 50% 207.12 168.50 4.32 19% 

9 102.53 55.71 93.64 46% 1047.57 522.30 352.53 50% 306.24 243.05 6.29 21% 

10 201.68 90.89 138.48 55% 1656.65 706.04 523.76 57% 486.23 383.70 8.20 21% 

11 412.89 171.16 241.73 59% 1962.05 933.85 500.34 52% 700.00 596.29 7.49 15% 

12 604.72 257.48 347.24 57% 2691.04 1145.13 712.40 57% 850.00 649.69 13.86 24% 

13 811.40 317.66 411.45 61% 3768.30 1391.10 994.65 63%   
 

 
  

14 1016.29 409.81 505.40 60% 

  
  

  
 

 
  

15 1475.19 544.72 620.31 63% 

  
  

  
 

 
  

16 1978.90 731.97 712.53 63% 

  
  

  
 

 
  

17 2472.98 828.18 822.40 67% 

  
  

  
 

 
  

18 2939.08 977.12 871.98 67% 

  
  

  
 

 
  

19 3869.12 1341.35 1011.11 65% 

    
  

 
 

  

20 4992.19 1874.64 1247.02 62%                 

Freundlich Data 

R
2
          0.996      R

2
          0.998      R

2
         0.998  

k        2.9338    
 

k        1.0217    
 

k       0.0413  

1/n        0.8385      1/n        0.9467      1/n       0.9099  
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Table 16 (con’t) – IRA-910 Experimental Isotherm Data 

  phenol p-cresol 4-nitroaniline 

NO. Cini Ce Qe % Removed Cini Ce Qe % Removed Cini Ce Qe % Removed 

  μM μM μmol/g   μM μM μmol/g   μM μM μmol/g   

1 4.93 4.09 0.20 17% 1.25 0.94 0.10 25% 0.52 0.36 0.14 31% 

2 7.32 6.36 0.22 13% 3.23 2.49 0.24 23% 3.00 2.06 0.72 31% 

3 9.92 8.62 0.28 13% 7.42 5.71 0.50 23% 7.11 4.84 1.65 32% 

4 20.83 17.38 0.68 17% 10.43 8.18 0.66 22% 10.14 6.93 2.30 32% 

5 59.26 49.57 1.29 16% 20.89 15.95 1.23 24% 20.11 12.93 4.01 36% 

6 108.43 83.93 2.79 23% 61.17 48.43 3.19 21% 49.78 32.00 9.33 36% 

7 210.44 153.03 5.09 27% 102.31 81.40 5.23 20% 74.95 48.98 13.34 35% 

8 311.13 220.05 7.23 29% 201.69 149.35 9.10 26% 100.06 65.34 17.05 35% 

9 503.86 350.40 11.16 30% 302.05 221.65 13.40 27% 149.28 91.99 23.05 38% 

10 702.97 466.92 15.05 34% 507.39 358.34 20.56 29% 297.49 158.00 34.70 47% 

11 506.64 327.13 10.78 35% 696.81 465.34 25.72 33% 500.00 232.63 48.92 53% 

12 933.93 611.20 19.60 35% 828.85 552.17 29.91 33% 700.00 309.58 64.69 56% 

13 2535.62 1501.55 41.27 41%   
 

 
  850.00 356.57 77.10 58% 

14 3535.84 2021.73 57.35 43% 

  
  

1000.00 392.91 92.69 61% 

15 4976.78 2671.44 74.73 46% 

  
  

2481.94 920.50 152.56 63% 

16   
 

 
  

  
  

3664.54 1325.44 187.13 64% 

Freundlich Data 

R
2
          0.997      R

2
          1.000      R

2
         0.998  

k        0.0412    
 

k        0.1048    
 

k       0.3967  

1/n        0.9518      1/n        0.8938      1/n       0.8875  
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Table 16 (con’t) – IRA-910 Experimental Isotherm Data 

  4-chloroaniline 

NO. Cini Ce Qe % Removed 

  μM μM μmol/g   

1 10.71 9.98 0.66 7% 

2 21.64 18.80 1.58 13% 

3 56.98 47.45 3.70 17% 

4 82.67 68.00 4.83 18% 

5 109.90 89.32 6.82 19% 

6 167.38 129.43 10.13 23% 

7 322.42 226.79 15.82 30% 

8 526.85 351.87 23.31 33% 

9 676.44 472.18 24.03 30% 

10 757.58 547.24 23.36 28% 

11 1054.46 621.48 43.96 41% 

12 2706.03 1423.86 91.62 47% 

13 4255.19 2036.19 117.91 52% 

Freundlich Data 

R
2
          0.995  

k        0.0892  

1/n        0.9497  
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Table 17 - IRA-96 Experimental Isotherm Data 

  benzoate 4-chlorobenzoate 3-methyl-2-nitrobenzoate 

NO. Cini Ce Qe % Removed Cini Ce Qe % Removed Cini Ce Qe % Removed 

  μM μM μmol/g   μM μM μmol/g   μM μM μmol/g   

1 3.07 1.87 2.00 39% 0.15 0.07 0.59 54% 0.09 0.04 0.27 55% 

2 4.99 2.70 3.56 46% 0.41 0.20 1.52 52% 0.46 0.22 1.35 52% 

3 9.57 5.83 5.76 39% 0.81 0.41 2.87 49% 1.04 0.46 3.19 56% 

4 19.08 9.80 11.61 49% 2.38 0.90 7.40 62% 3.11 1.11 6.63 64% 

5 24.24 12.87 14.40 47% 3.84 1.38 10.24 64% 5.21 2.11 11.16 60% 

6 105.77 45.71 42.72 57% 9.24 3.66 23.25 60% 9.84 4.17 19.54 58% 

7 194.03 77.64 57.91 60% 26.68 9.70 56.57 64% 29.94 12.16 43.80 59% 

8 419.90 128.91 106.20 69% 44.96 17.30 92.19 62% 50.19 20.82 71.98 59% 

9 633.10 202.69 154.55 68% 68.63 29.22 131.35 57% 80.38 36.68 106.59 54% 

10 840.52 286.83 200.61 66% 85.88 39.43 154.83 54% 101.15 49.70 127.35 51% 

11 1041.10 350.10 229.95 66% 157.94 73.61 210.82 53% 170.51 76.10 188.82 55% 

12 1490.73 471.52 289.14 68% 291.55 120.19 389.45 59% 248.37 122.09 255.63 51% 

13 1921.76 609.13 326.12 68% 303.70 136.16 335.08 55% 327.82 168.52 308.72 49% 

14 2734.01 824.58 480.36 70% 383.05 156.54 404.48 59% 405.05 202.61 381.98 50% 

15 3155.43 819.10 467.27 74% 468.98 200.32 479.74 57% 498.41 259.24 427.08 48% 

16 5147.84 1137.14 554.35 78%                 

Freundlich Data 

R
2
          0.997      R

2
          0.994      R

2
         0.996  

k        1.4215    
 

k        6.7867    
 

k       5.2166  

1/n        0.8657      1/n        0.8355      1/n       0.8221  
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Table 17 (con’t) – IRA-96 Experimental Isotherm Data 

  3-methyl-4-nitrobenzoate 4-methoxybenzoate 1-naphthoate 

NO. Cini Ce Qe % Removed Cini Ce Qe % Removed Cini Ce Qe % Removed 

  μM μM μmol/g   μM μM μmol/g   μM μM μmol/g   

1 0.18 0.00 1.31 100% 0.10 0.09 0.09 18% 0.13 0.06 0.46 51% 

2 0.71 0.28 3.07 61% 0.50 0.34 0.67 33% 0.52 0.19 1.84 64% 

3 1.33 0.50 5.92 63% 1.02 0.69 1.35 32% 0.99 0.37 3.10 62% 

4 3.72 1.14 12.93 69% 3.00 1.85 3.48 38% 2.86 0.95 7.65 67% 

5 6.08 1.76 18.00 71% 5.00 3.22 5.57 36% 4.71 1.62 12.84 65% 

6 12.19 3.66 35.56 70% 25.50 17.24 25.48 32% 9.63 3.73 22.67 61% 

7 35.81 10.40 84.69 71% 49.87 35.06 45.14 30% 25.24 13.37 42.37 47% 

8 60.27 20.74 131.75 66% 69.81 48.68 58.68 30% 50.07 16.00 113.56 68% 

9 97.41 34.38 210.10 65% 96.02 66.35 81.52 31% 67.04 28.02 114.74 58% 

10 144.14 58.75 284.61 59% 191.30 142.13 135.82 26% 101.79 42.50 164.68 58% 

11 217.26 80.30 342.42 63% 306.80 222.44 211.97 27% 150.50 62.71 209.02 58% 

12 317.10 120.93 445.83 62% 307.58 212.32 191.28 31% 201.29 88.56 256.21 56% 

13 403.49 149.05 508.88 63% 400.13 252.44 238.21 37% 298.58 137.83 365.35 54% 

14 492.69 184.24 550.80 63% 501.67 324.23 270.91 35% 394.47 200.31 373.38 49% 

15 609.53 242.77 654.93 60% 606.33 390.68 329.24 36% 500.59 250.50 446.59 50% 

16   
 

 
  808.7862 542.4361 386.0146 0.329321   

 
 

  

17         1016.80 677.73 443.22 33%         

Freundlich Data 

R
2
          0.993      R

2
          0.993      R

2
         0.997  

k     11.0840    
 

k        1.5995    
 

k       3.0980  

1/n        0.7792      1/n        0.7792      1/n       0.9015  
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Table 17 (con’t) – IRA-96 Experimental Isotherm Data 

  acetate isobutyrate dichloroacetate 

NO. Cini Ce Qe % Removed Cini Ce Qe % Removed Cini Ce Qe % Removed 

  μM μM μmol/g   μM μM μmol/g   μM μM μmol/g   

1 419.55 75.93 19.66 82% 190.86 166.90 14.93 13% 820.91 295.91 104.90 64% 

2 258.84 17.01 13.81 93% 968.84 775.19 26.34 20% 907.50 268.05 127.89 70% 

3 320.16 50.33 15.42 84% 270.89 219.09 30.39 19% 984.93 284.52 131.53 71% 

4 482.15 100.56 20.33 79% 2120.51 1540.67 51.55 27% 1176.84 440.08 139.67 63% 

5 513.60 143.78 18.50 72% 2281.72 1619.16 59.67 29% 1489.05 405.39 196.32 73% 

6 690.16 191.20 22.18 72% 514.59 423.48 37.02 18% 1726.33 450.12 212.70 74% 

7 785.90 268.83 21.75 66% 1317.59 1042.31 48.28 21% 1850.80 599.31 199.76 68% 

8 1658.04 607.46 44.22 63% 2436.94 1701.22 84.54 30% 2377.82 558.88 289.87 76% 

9 1200.51 469.22 30.80 61% 1011.13 834.07 53.15 18% 2408.21 611.94 287.86 75% 

10 2041.09 928.74 46.39 54% 5147.49 3535.65 109.01 31% 2891.93 838.79 328.77 71% 

11 2901.49 1434.23 58.71 51% 4061.67 2801.19 112.07 31% 3414.37 864.07 393.26 75% 

12 3449.87 1558.91 63.00 55% 2200.47 1605.75 98.24 27% 3839.81 945.66 413.45 75% 

13 5094.91 2468.19 80.85 52%   
 

 
  4903.84 1347.30 442.35 73% 

Freundlich Data 

R
2
          0.919      R

2
          0.817      R

2
         0.885  

k        3.5622    
 

k        0.8910    
 

k       0.7607  

1/n        0.3763      1/n        0.9165      1/n       0.5900  
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Table 17 (con’t) – IRA-96 Experimental Isotherm Data 

  benzensulfonate nitrobenzene 4-chloroaniline 

NO. Cini Ce Qe % Removed Cini Ce Qe % Removed Cini Ce Qe % Removed 

  μM μM μmol/g   μM μM μmol/g   μM μM μmol/g   

1 51.85 33.52 26.57 35% 1.32 0.65 0.11 51% 1.01 0.60 0.42 41% 

2 62.98 38.61 30.09 39% 3.40 1.70 0.26 50% 4.04 2.94 1.10 27% 

3 72.92 44.77 34.85 39% 8.24 4.12 0.64 50% 9.17 6.58 2.36 28% 

4 94.04 53.70 44.81 43% 11.82 5.75 0.89 51% 12.94 9.57 3.05 26% 

5 102.25 58.08 48.75 43% 23.64 11.63 1.70 51% 24.36 17.67 5.56 27% 

6 204.43 95.06 78.12 54% 71.00 35.42 4.44 50% 70.17 48.26 15.63 31% 

7 312.21 132.09 112.44 58% 118.82 58.57 7.06 51% 103.42 70.65 23.11 32% 

8 506.88 172.15 134.43 66% 236.99 120.64 12.81 49% 140.31 92.81 29.36 34% 

9 608.98 205.31 159.87 66% 354.37 174.47 17.95 51% 204.95 136.26 38.46 34% 

10 764.57 264.83 201.91 65% 556.01 257.61 23.82 54% 406.90 272.16 67.44 33% 

11 914.67 334.26 233.10 63% 709.24 361.58 25.14 49% 623.73 388.77 78.98 38% 

12 995.64 361.71 253.07 64% 761.80 396.50 25.01 48% 795.41 543.06 84.68 32% 

13 2186.56 698.86 398.85 68% 1062.00 452.83 37.83 57% 897.67 662.55 78.63 26% 

14 3169.08 1018.87 538.90 68% 2602.67 979.24 68.15 62% 1384.62 817.11 172.23 41% 

15 4191.48 1327.04 715.22 68% 3588.90 1358.48 88.83 62% 3363.54 1926.73 286.50 43% 

16 5191.84 1632.87 708.25 69% 5155.15 1816.06 110.73 65% 5233.04 2811.80 382.50 46% 

Freundlich Data 

R
2
          0.992      R

2
          0.997      R

2
         0.992  

k        1.4470    
 

k        0.1873    
 

k       0.5547  

1/n        0.8636      1/n        0.8588      1/n       0.8280  
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Table 17 (con’t) – IRA-96 Experimental Isotherm Data 

  4-nitroaniline phenol p-cresol 

NO. Cini Ce Qe % Removed Cini Ce Qe % Removed Cini Ce Qe % Removed 

  μM μM μmol/g   μM μM μmol/g   μM μM μmol/g   

1 0.61 0.42 0.47 30% 2.74 1.72 0.17 37% 3.10 1.32 0.51 57% 

2 3.61 2.37 2.50 34% 7.05 3.57 0.54 49% 7.23 2.94 1.14 59% 

3 12.19 6.96 8.70 43% 10.11 4.78 0.75 53% 10.19 4.22 1.60 59% 

4 12.22 7.89 7.24 35% 19.53 8.50 1.29 56% 20.48 8.84 3.10 57% 

5 24.65 15.52 13.07 37% 61.52 24.69 4.07 60% 62.03 22.12 7.13 64% 

6 61.55 33.50 23.49 46% 109.53 41.70 6.80 62% 100.60 34.40 10.15 66% 

7 91.35 46.46 32.29 49% 203.86 79.51 11.08 61% 201.75 71.22 18.31 65% 

8 124.20 59.65 40.09 52% 310.79 114.03 15.79 63% 304.29 102.73 25.05 66% 

9 184.57 84.41 55.83 54% 490.36 185.17 22.67 62% 537.77 166.00 41.79 69% 

10 365.71 179.90 92.72 51% 699.45 250.20 30.63 64% 761.94 217.60 52.19 71% 

11 606.24 270.11 122.45 55% 846.89 302.03 35.31 64% 918.22 261.75 60.12 71% 

12 847.88 404.63 161.48 52% 1070.99 386.34 42.86 64% 1099.77 323.04 68.95 71% 

13 1040.08 475.63 187.84 54% 2512.07 766.52 73.61 69% 2690.68 676.49 124.10 75% 

14 1229.54 587.76 215.36 52% 3471.48 1067.63 96.42 69% 3797.83 912.66 153.26 76% 

15 3032.10 1233.03 358.02 59% 4993.30 1356.03 117.77 73% 5388.92 1185.23 186.17 78% 

16 4646.79 1899.20 441.38 59% 

  
  

  
 

 
  

Freundlich Data 

R
2
          0.993      R

2
          0.997      R

2
         0.999  

k        1.3558    
 

k        0.1996    
 

k       0.4562  

1/n        0.8007      1/n        0.9009      1/n       0.8659  
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Table 18 - A860 Experimental Isotherm Data 

  benzoate 4-chlorobenzoate 3-methyl-2-nitrobenzoate 

NO. Cini Ce Qe % Removed Cini Ce Qe % Removed Cini Ce Qe % Removed 

  μM μM μmol/g   μM μM μmol/g   μM μM μmol/g   

1 3.45 3.03 0.71 12% 0.31 0.21 0.03 33% 0.26 0.23 0.02 13% 

2 4.96 4.27 1.03 14% 0.52 0.33 0.05 36% 0.45 0.38 0.04 16% 

3 19.32 16.68 3.33 14% 1.02 0.67 0.10 34% 0.95 0.78 0.09 18% 

4 48.81 37.94 12.16 22% 3.05 1.90 0.31 37% 2.96 2.29 0.30 23% 

5 97.02 80.77 16.45 17% 5.38 3.04 0.62 43% 4.63 3.54 0.48 24% 

6 182.69 146.22 25.15 20% 10.09 5.99 1.11 41% 8.96 6.74 0.88 25% 

7 415.44 284.30 63.66 32% 25.59 14.72 2.75 42% 27.39 19.84 2.77 28% 

8 600.00 404.30 81.71 33% 51.12 30.61 5.17 40% 43.74 30.41 4.25 30% 

9 776.58 526.76 99.13 32% 76.42 43.84 7.24 43% 72.18 48.85 6.78 32% 

10 962.25 679.53 112.86 29% 102.17 55.93 9.28 45% 90.48 61.51 8.61 32% 

11 1424.83 941.72 160.77 34% 151.75 79.11 13.16 48% 159.15 102.74 14.03 35% 

12 1781.45 1158.74 178.94 35% 206.19 106.15 16.81 49% 225.50 144.76 20.24 36% 

13 2547.23 1460.28 268.38 43% 312.42 161.92 23.07 48% 293.11 182.78 24.52 38% 

14 2993.62 1692.94 306.04 43% 408.93 191.46 31.07 53% 364.68 229.29 30.22 37% 

15 4915.82 2754.90 424.54 44% 517.24 228.54 38.01 56% 442.12 256.55 35.52 42% 

16                         

Freundlich Data 

R
2
          0.995      R

2
          0.998      R

2
         0.998  

k        0.2735    
 

k        0.1601    
 

k       0.1066  

1/n        0.9371      1/n        1.0084      1/n       1.0598  
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Table 18 (con’t) – A860 Experimental Isotherm Data 

  3-methyl-4-nitrobenzoate 4-methoxybenzoate 1-naphthoate 

NO. Cini Ce Qe % Removed Cini Ce Qe % Removed Cini Ce Qe % Removed 

  μM μM μmol/g   μM μM μmol/g   μM μM μmol/g   

1 0.11 0.09 0.01 18% 0.31 0.18 0.01 44% 0.31 0.18 0.04 42% 

2 0.47 0.37 0.04 21% 0.50 0.31 0.03 39% 0.50 0.30 0.06 41% 

3 0.95 0.75 0.08 21% 0.99 0.62 0.05 37% 0.99 0.56 0.12 43% 

4 2.93 2.20 0.22 25% 3.03 2.15 0.22 29% 2.92 1.64 0.35 44% 

5 4.96 3.56 0.36 28% 4.94 3.75 0.34 24% 4.87 2.67 0.61 45% 

6 9.77 6.86 0.69 30% 10.05 7.57 0.71 25% 9.95 5.34 1.23 46% 

7 29.60 19.60 1.97 34% 25.18 18.57 1.75 26% 25.80 13.61 3.12 47% 

8 49.05 32.43 3.28 34% 49.29 36.33 3.41 26% 50.66 26.01 6.19 49% 

9 78.87 50.92 5.01 35% 74.65 56.18 4.94 25% 75.25 38.21 8.31 49% 

10 99.31 62.36 6.16 37% 100.88 74.43 6.94 26% 106.28 47.74 11.63 55% 

11 171.42 100.44 9.79 41% 200.07 142.41 14.45 29% 148.79 67.35 14.67 55% 

12 166.07 92.68 8.82 44% 304.60 212.30 23.05 30% 202.04 88.54 18.87 56% 

13 460.45 230.38 22.96 50% 404.93 284.17 30.11 30% 300.70 125.64 26.65 58% 

14   
 

 
  497.62 347.33 37.57 30% 402.71 160.83 34.55 60% 

15   
 

 
  602.70 422.43 45.12 30% 494.10 185.21 40.97 63% 

16   
 

 
  806.55 560.23 61.43 31%   

 
 

  

17         987.44 681.90 74.98 31%         

Freundlich Data 

R
2
          1.000      R

2
          1.000      R

2
         1.000  

k        0.0980    
 

k        0.0854    
 

k       0.2145  

1/n        1.0033      1/n        1.0364      1/n       1.0095  
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Table 18 (con’t) – A860 Experimental Isotherm Data 

  acetate isobutyrate dichloroacetate 

NO. Cini Ce Qe % Removed Cini Ce Qe % Removed Cini Ce Qe % Removed 

  μM μM μmol/g   μM μM μmol/g   μM μM μmol/g   

1 634.75 355.42 17.11 44% 649.23 525.35 23.51 19% 841.73 471.56 49.32 44% 

2 883.13 471.37 23.82 47% 2400.25 1585.17 46.64 34% 983.68 487.40 65.52 50% 

3 1065.27 557.74 26.87 48% 2489.02 1633.27 48.57 34% 1065.69 503.41 71.77 53% 

4 1161.23 663.39 24.96 43% 947.85 765.79 29.01 19% 1179.34 636.88 67.72 46% 

5 1525.08 815.74 31.48 47% 3718.89 2272.67 72.04 39% 1479.48 794.34 82.70 46% 

6 1473.70 801.72 29.09 46% 4289.31 2733.23 73.06 36% 1765.05 845.10 110.97 52% 

7 1803.58 1012.89 33.60 44% 2637.03 1847.50 61.67 30% 1946.97 1061.57 101.42 45% 

8 2113.93 1232.04 36.85 42% 5535.51 3366.49 95.49 39% 2238.36 1026.38 131.59 54% 

9 2078.55 1157.62 37.48 44% 6191.67 3701.77 109.06 40% 1982.77 919.64 115.06 54% 

10 2812.78 1580.73 49.21 44% 3258.06 2374.71 83.31 27% 2953.13 1507.01 144.97 49% 

11   
 

 
  8436.21 5029.98 135.05 40% 3409.79 1547.70 164.57 55% 

12   
 

 
  9743.30 5767.91 144.53 41% 3897.68 1574.37 186.09 60% 

13   
 

 
  7273.26 4649.48 128.13 36% 4466.74 2211.25 164.16 50% 

Freundlich Data 

R
2
          0.946      R

2
          0.990      R

2
         0.881  

k        0.2060    
 

k        0.0467    
 

k       0.3394  

1/n        0.7223      1/n        0.9317      1/n       0.8282  
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Table 18 (con’t) – A860 Experimental Isotherm Data 

  benzensulfonate 

NO. Cini Ce Qe % Removed 

  μM μM μmol/g   

1 19.55 13.46 3.05 31% 

2 29.78 20.67 4.54 31% 

3 40.38 28.10 6.11 30% 

4 50.17 34.99 7.54 30% 

5 60.53 42.17 9.21 30% 

6 70.12 49.09 10.56 30% 

7 90.52 62.18 12.83 31% 

8 101.68 70.81 15.47 30% 

9 191.64 116.07 30.02 39% 

10 296.00 169.73 42.02 43% 

11 500.09 260.40 57.48 48% 

12 597.86 301.53 65.56 50% 

13 744.48 334.22 78.07 55% 

14 888.80 403.95 84.25 55% 

15 1004.69 435.28 91.18 57% 

16 1921.12 706.04 173.21 63% 

17 2896.44 1121.54 236.50 61% 

18 3765.92 1537.04 299.78 59% 

19 4976.77 1952.54 363.06 57% 

Freundlich Data 

R
2
          0.998  

k        0.2366  

1/n        0.9845  

 


