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ABSTRACT 

A large number of organic contaminants are commonly found in industrial and 

municipal wastewaters. Aromatic compounds, such as phenol, aniline and their 

derivatives, are contaminants of high priority and usually coexist in waste streams from 

industries of, for example, aromatic amine compounds and ammonolysis of phenols. 

Thus, for proper unit design to remove contaminant mixtures by adsorption, multi-

component adsorption models are necessary. The present work was aimed at examining 

the applicability of Ideal Adsorbed Solution Theory (IAST), a prevailing thermodynamic 

model, and its derivative i.e. Segregated IAST (SIAST) and Real Adsorbed Solution 

Theory (RAST) to multi-solute adsorption from the aqueous phase, specifically, bi-solute 

adsorption of phenols, anilines and nitrobenzene onto a hyper-crosslinked polystyrene 

resin, MN200. Based on the experimental bi-solute adsorption isotherms, we have 

successfully developed methods for modeling with RAST incorporated with Wilson 

equation, Nonrandom two-liquid (NRTL) model, and an empirical four-parameter 

equation developed in this work. It turns out that our proposed four-parameter equation 

can fit the activity coefficients, 𝛾𝑖 , better than the other two equations and thus enhanced 

the accuracy of RAST in predicting bi-solute adsorption equilibrium. Besides 

successfully developing methods for properly designing binary-solute batch experiments 

and accurately modeling with RAST, two empirical linear relationships have been 

developed for the adsorption of a number of infinite dilute solutes in the presence of a 

major contaminant (either 4-methylphenol or nitrobenzene). Results show that 

polyparameter linear free energy relationships have a great potential in predicting 

adsorbed phase activity coefficients of solutes when the adsorbed amounts are dominated 



iii 

 

 

by the major contaminant and the adsorbed mixture resembles infinite dilute solution. 

Activity coefficients under such conditions were represented by 𝛾𝑖
∞ and were 

successfully extrapolated to 𝛾𝑖 at non-infinite conditions by 𝛾𝑖 models i.e. Wilson 

equation. To the best of our knowledge, this is the first systematic study predicting 

adsorbed phase activity coefficients for bi-solute adsorption. In addition, our tri- and 

tetra-solute adsorption data showed that the predominating solute, NB in this case, solely 

contributed to the competitive effect while the dilute solutes tend not to interact with each 

other. This indicates that for each solute, the competitive effects can be independently 

considered and a multi-component system with n components but only one component 

dominating can be treated as (n-1) bi-solute systems separately. This will significantly 

simplify the calculation for modeling multi-component adsorption while it is also close to 

many real systems where there is one major contaminant or a large amount of NOM in 

present. Our findings have proved a major step forward to accurately modeling multi-

solute adsorption for proper unit design of adsorption processes.   
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CHAPTER 1  

INTRODUCTION 

1.1 Background and Motivation 

The occurrence of a large number of organic contaminants (OCs) in our water 

systems and in the environment is among the greatest environmental challenges facing 

the world. Examples include priority contaminants such as pesticides, dyestuffs, 

petrochemicals, and chemical intermediates, and emerging contaminants such as 

pharmaceutical and personal care products. Their broad range of applications and 

relatively inefficient removal from waste streams have led to their ubiquitous presence in 

drinking water, wastewater and many environments, including surface water, 

groundwater, soils and sediments. 1-4 The persistence of OCs in the aquatic environment 

likely poses serious threats to ecosystems and human health. Adsorption is one of the 

most frequently used methods for the removal of OCs from contaminated water.5-7 

During the application of a given adsorbent, adsorption equilibrium data over a broad 

range of solute concentrations are among the most important limits, they can also affect 

the overall cost of the treatment system.8  

Contaminated waters typically contain mixtures of OCs while the presence of a 

single-solute is likely the exception rather than the rule, so proper design of an efficient 

adsorption system requires reliable adsorption equilibrium data of the multi-solute 

mixture, i.e. the adsorbed amount of each adsorbate and the composition of the solution 

phase at equilibrium (adsorption isotherms). However, it is time-consuming and difficult 

to experimentally obtain all the equilibrium data for the vast number of OC mixtures. As 
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a result, most adsorption studies limit their efforts to studying adsorption of single 

solutes. Predictive models that can be used to accurately predict equilibrium data for 

multi-component adsorption based on the available single solute adsorption isotherms 

will be extremely valuable.   

1.2 Problem Statement  

For the purpose of applying adsorption processes to the removal of several 

contaminants simultaneously from contaminated water, competitive effects in multi-

solute systems have to be thoroughly considered because of the fact that they can 

decrease adsorption capacity compared to that of single-solute adsorption systems. Thus, 

accurate data of multi-solute adsorption equilibrium is desirable for either batch 

adsorption or dynamic column adsorption.9 Since mathematical modeling is more time-

saving and economically acceptable than experimental methods in determining 

adsorption capacity,10 the goal of this work was to improve the efficiency of modeling for 

multi-solute adsorption equilibrium.  

Ideal adsorbed solution theory (IAST) 11, 12 is among the most prevailing 

thermodynamic multi-component adsorption models for adsorption from both the gas 

phase and the aqueous phase. Since ideal behavior, an intrinsic assumption of IAST, is 

seldom encountered in real systems, a number of modifications of IAST have been 

derived for gas mixtures, for instances, real adsorbed solution theory (RAST),13 spreading 

pressure dependent (SPD) model,14 predictive real adsorbed solution theory (PRAST),15 

and nonideal adsorbed solution theory (NIAST).16 The deviation of IAST prediction from 

experimental data, mainly due to nonideality of adsorbed mixtures, has been attributed by 
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some researchers to the energetic heterogeneity of adsorption sites and thus, 

heterogeneous IAST (HIAST),17 segregated IAST (SIAST)18 and dual-site Langmuir 

models have been developed.19, 20 

Despite the above mentioned achievements in multicomponent adsorption for gas 

mixtures, little progress has been made in modeling multi-solute adsorption from the 

aqueous phase. Therefore, it is worthy of extending the recent approaches of modeling 

gas phase adsorption to multi-solute adsorption. However, for aqueous phase adsorption, 

it is unclear whether the same assumptions can be acceptable. 8, 21, 22 For example, solvent 

effects are a driving force in aqueous phase adsorption but not in the gas phase. 

Hydrophobic effects in water contribute to 60%~85% of Gibbs free energy of adsorption 

depending on the adsorbent.23 Since heterogeneity of adsorption energy is a adsorbent 

related property and is associated with adsorbent-adsorbate interactions, it is reasonable 

to question, in aqueous phase adsorption systems where adsorbent-adsorbate interactions 

are not the only driving force of adsorption, whether intermolecular interactions between 

different adsorbates can also be neglected as in gas-phase adsorption. Thus, the influence 

of adsorbate-adsorbate interactions on the nonideality of adsorbed mixtures was also 

investigated in this work in addition to mathematical modeling. 

Most studies of multi-solute adsorption were conducted on binary adsorption of 

only two or three compounds.8, 21, 22, 24-28 This is mainly due to the intensive labors 

required to collect multi-component adsorption data. A comparison of competitive 

adsorption among a diverse range of solutes can provide more information about the 

competition mechanism, which can in turn lead to the development of more 
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representative multi-component adsorption models. So far, there has not been a rigorous 

discussion on the mechanism of nonideality in multi-solute adsorption equilibrium. 

In summary, it is desirable to examine the validity of gas phase adsorption models 

and apply them to aqueous phase adsorption with necessary modification.  For this 

purpose, binary adsorption experiments of a larger number of compounds with diverse 

physical-chemical properties were conducted to help understand the mechanisms of 

competitive adsorption and to develop accurate prediction models. 

1.3 Research Objectives 

i. To use IAST to compare the ability of all solutes to compete for adsorption sites 

based on their single solute adsorption isotherms. (Section 4.1) 

ii. To experimentally obtain binary adsorption isotherms of 8 aromatic compounds, 

phenol, 4-methylphenol, 4-chlorophenol, 4-nitrophenol, aniline, 4-chloroaniline, 

4-nitroaniline, and nitrobenzene, under varying solute ratios onto polymeric resin 

MN200. These aromatic compounds can be involved in diverse molecular 

interactions, especially H-bonding and π-π electron-donor-acceptor (EDA) 

interactions. 

iii. To apply IAST, RAST, SIAST and multi-solute dual-site Langmuir (MSDSL) to 

predicting adsorption equilibrium of bi-solute systems. RAST was incorporated 

with adsorbed phase activity coefficients to eliminate the deviation of IAST. 

SIAST and MSDSL assume heterogeneous adsorption sites and were studied for 

comparison. (Sec 4.2.1) 
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iv. To calculate adsorbed phase activity coefficients of each solute in all the studied 

mixtures and model them with classical equilibrium models for liquid mixtures 

including Wilson, NRTL, and a four parameter empirical equations, developed in 

this work. This was to test if thermodynamic activity coefficient equations 

without spreading pressure dependency can be used to fit experimental activity 

coefficients and whether a better simulation and prediction of multicomponent 

adsorption equilibrium can be achieved through RAST. (Section 4.2.2) 

v. To correlate adsorbed phase activity coefficients of solutes with solutes-molecular 

descriptors associated with different aromatic substituent groups, namely, amine, 

hydroxyl, chlorine, methyl and nitro groups. Definition, calculation, and 

application of adsorbed phase infinite activity coefficients are given in Sections 

3.2.1 and 4.3. 

vi. To further understand the mechanisms of nonideal competitive adsorption of 

aromatic compounds on MN200 resin by conducting tri- and tetra-solute 

adsorption experiments. (Section 4.4)  
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Adsorbed Solution Theories (ASTs) 

2.1.1 Ideal AST and Nonideal ASTs 

Among existing models to predict multicomponent adsorption, IAST that is based 

on thermodynamically consistent approaches and relies solely on single-component 

isotherms has been the most successful. 11, 24, 29-31 IAST was initially developed to predict 

adsorption equilibrium data of gas mixtures 11 and was later extended to predict 

adsorption equilibrium of liquid mixtures.12 IAST has gained a large success in modeling 

gas-phase adsorption of mixed volatile organic compounds (VOCs). 11, 31, 32 It also has 

some success in modeling multi-component adsorption from water.4, 21, 24, 30, 33-38 

Although IAST is not limited to a specific single component isotherm equation, 

Crittenden et al.’s method of using Freundlch isotherm has been one of the most popular 

for aqueous phase adsorption due to its explicit analytical expression and better fitting of 

single solute isotherms. This method was later extended to study the adsorption of 

contaminants in the presence of natural organic matter (NOM) as an equivalent 

background compound (EBC).39-42 

When the adsorbed phase mixture is not ideal and IAST prediction deviates from 

experimental adsorption equilibrium, a correction of IAST is needed. Although Myers 

and Prausnitz (1965) incorporated adsorbed phase activity coefficients in IAST in their 

original work, Costa et al. first extended IAST to Real Adsorbed Solution Theory 

(RAST) by fitting Gibbs excess free energy models such as Wilson equation and 
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UNIQUAC to experimental adsorbed phase activity coefficients of binary component 

adsorption, and then predicted ternary component adsorption with a good accuracy.13 One 

favorable feature of Wilson and UNIQUAC models is that only binary parameters are 

required to predict multi component equilibrium, however, both models only considered 

the composition dependency of adsorbed phase activity coefficients. Talu and Zwiebel 

proposed a spreading pressure dependent (SPD) model to correlate adsorbed phase 

activity coefficient with spreading pressure.14 However, SPD requires the isosteric heat of 

adsorption which is obtained from adsorption isotherms at different temperatures and 

thus requires more experimental work. Another method to account for spreading pressure 

dependency is to express excess Gibbs free energy as the product of a traditional model 

like Wilson, Margules, and UNIQUAC and an empirical exponential equation of 

spreading pressure. 43 Other models that were fitted to adsorbed phase activity 

coefficients include NRTL,44 Flory Huggins equation 45 and a two-parameter Margules 

equation.46 Furmaniak et al. first proposed to use the Margules equation for ternary 

component mixtures in binary gas mixture adsorption, attempting to account for the 

adsorbate-adsorbent interactions by assuming the adsorbent as the third component. 

However, it was ambiguous in determining the fraction of the adsorbent and thus it was 

treated as an adjustable parameter. While the RASTs mentioned above need experimental 

data to determine parameters in the activity coefficient models, a predictive RAST 

(PRAST) was proposed by Sakuth et al.,15 where they let the adsorption Henry’s constant 

of a component in a binary mixture be the same as in single component adsorption. 

PRAST then predicted adsorbed phase activity coefficients by UNIQUAC at different 

fractions. Myers, from the energetic heterogeneity point of view, proposed a nonideal 
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adsorbed solution theory (NIAST), where attempts were made to redefine IAST.16 The 

normalization of spreading pressure by adsorption capacity was studied in comparison 

with the variation of adsorption energy distribution function, and then an approach was 

derived from the results of molecular simulation to predict adsorbed phase activity 

coefficients based on a modified two-parameter Margules model. Although the original 

work of NIAST involved a complex study of adsorption energy distribution function, its 

application only requires explicit calculation which was summarized by Ushiki et al.47 

The NIAST has provided good predictions compared with IAST and Langmuir equation. 

Although it has been extensively discussed about the deviation of IAST from 

experimental adsorption equilibrium and the strong spreading pressure dependency of 

activity coefficients,48 it is not clear whether we can directly apply the same assumptions 

of gas mixture adsorption to aqueous phase adsorption. Erto et al. modified the original 

PRAST by using the Henry’s constant calculated from IAST rather than from single 

solute adsorption to calculate infinite dilution activity coefficients, but their proposed 

model showed a limited success in predicting the competitive adsorption of 

trichloroethylene (TCE) and tetrachloroethylene (PCE). 22 Erto et al.8 and Jadhav et al.21 

applied an extended Wilson equation in RAST which has an exponential function of 

spreading pressure as suggested by Talu and Myers48, 49 for gas mixture adsorption, 

however, their work showed that the activity coefficients can obviously increase, 

decrease or only slightly change with increasing spreading pressure for TCE, PCE, and 

benzene derivatives on activated carbon. Thus, it is not clear how to express the variation 

of activity coefficient with spreading pressure. 
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2.1.2 AST Basic Thermodynamic Theory 

The key assumptions in IAST for aqueous phase adsorption are: (1) all the 

adsorption sites are homogeneous and accessible to all solutes; (2) when there are 

multiple solutes with moderate adsorption capacity, all the components in the mixture 

behave as ideal adsorbed solutes; (3) the molar area of mixing is identical in the mixture 

vs. single-solute adsorption; and (4) all solutes are ideal dilute solutes and obey Henry’s 

law. Based on these assumptions, there are five essential equations:24 

 𝐶𝑖 = 𝑧𝑖𝐶𝑖
0  (1) 

 𝑧𝑖 =
𝑞𝑖

𝑞𝑇    (2) 

 𝑞𝑇 = ∑ 𝑞𝑖
𝑛
𝑖=1     (3) 

 1

𝑞𝑇 = ∑
𝑧𝑖

𝑞𝑖
0

𝑛
𝑖=1   (4) 

 𝜋𝐴

𝑅𝑇
= 𝛹 = ∫ 𝑞𝑖

0𝐶𝑖
0

0
𝑑𝑙𝑛𝐶𝑖

0 = ∫
𝑞𝑖

0

𝐶𝑖
0

𝐶𝑖
0

0
𝑑𝐶𝑖

0 = ∫
𝑑𝑙𝑛𝐶𝑖

0

𝑑𝑙𝑛𝑞𝑖
0

𝑞𝑖
0

0
𝑑𝑞𝑖

0  (5) 

where 𝐶𝑖 is the equilibrium concentration of solute i in liquid phase, 𝐶𝑖
0 is the single-

solute liquid phase concentration in equilibrium with the adsorbed phase concentration 

 𝑞𝑖
0 at the same temperature and spreading pressure as these of the multi-solute 

adsorption, 𝑧𝑖 is the adsorbed phase fraction of solute i, 𝑞𝑇 is the total adsorbed phase 

concentration, and 𝜋 is the spreading pressure (surface tension, surface potential, or grand 

potential in other literatures). The superscript 0 in Eqs. 1, 4, 5, and equations to follow 

refers to the single solute adsorption standard state. Since the total adsorption area A in 
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eq. (5) is not available, the reduced spreading pressure 𝛹 is used in the calculation, which 

has the same unit as adsorption capacity.49  

In RAST, eqs 2-3 and 5 remain the same but eqs. 1 and 4 have been modified to: 

 𝐶𝑖 = 𝑧𝑖𝛾𝑖𝐶𝑖
0   (6) 

 1

𝑞𝑇 = ∑
𝑧𝑖

𝑞𝑖
0

𝑛
𝑖=1 + ∑ (z𝑖 ∙ [

𝜕𝑙𝑛𝛾𝑖

𝜕𝛹
]
𝑇,𝑧𝑖 

)𝑛
𝑖=1    (7) 

Adsorbed phase activity coefficients (𝛾𝑖) are incorporated when the adsorbed mixtures 

are not ideal which violates eq. 1 (analogous to Raoult’s Law). 𝛾𝑖 of less than 1 means 

that the experimental adsorbed concentrations are greater than the corresponding values 

predicted by IAST and vice versa. The partial derivatives in eq. 7 illustrate that adsorbed 

phase activity coefficients are functions of spreading pressure. This dependency can be 

neglected if the ideal solution assumptions are fulfilled, or if the molar area of 

mixing,  𝑎𝑚, is zero, which could be calculated as follows:14 

 
𝑎𝑚 =

1

𝑞𝑇 − ∑
𝑧𝑖

𝑞𝑖
0

𝑛
𝑖=1 = ∑ (z𝑖 ∙ [

𝜕𝑙𝑛𝛾𝑖

𝜕𝛹
]
𝑇,𝑧𝑖 

)𝑛
𝑖=1    (8) 

It was suggested that up to 30% errors could arise in determination of adsorbed amounts 

if this partial derivative term is wrongly neglected.14  

2.1.3 Effects of Single Solute Adsorption Isotherm Models 

Application of ASTs is not limited to any specific single-component isotherm 

model. Table 1 shows the most frequently used isotherm equations in IAST to simplify 

the model calculation: Langmuir, 22, 35 Freundlich, 21, 35 Toth, 44 and Dubinin-Astakhov 

(D-A) model.50 Selection of a proper single-solute isotherm model is important because 
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the best IAST model prediction of adsorption of binary mixtures can only be achieved 

when the “best-fit” single-isotherms are applied. 30, 35 If the equation selected for the 

single-component isotherms does not precisely fit the adsorption data, IAST cannot 

precisely describe the adsorbed mixture.29, 47 It was pointed out previously that isotherm 

equations in logarithm, such as Freundlich equation, D-A model, and quadratic 

Freundlich equation developed in this present work, are not applicable to calculating 

adsorbed phase Henry’s constants and reduced spreading pressure at low adsorption 

loading. 43, 48  

Table 1. Equations of the common single-solute isotherm models. 

Name Fitting Parameters Equation 

Langmuir Qs, 𝑎𝐿 𝑞𝑖 =
Q𝑠 ∙ 𝐶𝑖  

1 + 𝑎𝐿 ∙ 𝐶𝑖

 

Freundlich n, K 𝑞𝑖 = 𝐾 ∙ 𝐶𝑖
1/𝑛

 

Toth 𝑄𝑚 , 𝛼, 𝑡 𝑞𝑖 =
𝑄𝑚 ∙ 𝐾 ∙ 𝐶𝑖

[1 + (𝐾 ∙ 𝐶𝑖)
𝑡]

1
𝑡⁄
 

Dubinin-Astakhov (D-A) 𝑄0, 𝛽, 𝐸0 Log 𝑞𝑖 = log 𝑄0 − (

−𝑅𝑇 ln
𝐶𝑖

𝐶𝑖
𝑠𝑎𝑡

𝐸0

)

𝑏

 

Quadratic Freundlich m, n, K ln 𝑞𝑖 = 𝑚 ∙ (ln 𝑐𝑖)
2 + 𝑛 ∙ ln 𝑐𝑖 + ln 𝐾 

Dual-site Langmuir (DSL) 𝑄𝐴
𝑠 , 𝑄𝐵

𝑠 , 𝑏𝐴, 𝑏𝐵 𝑞𝑖 = (
𝑄𝐴

𝑠𝑐𝑖

1 + 𝑏𝐴𝑐𝑖

)
𝑠𝑖𝑡𝑒 𝐴

+ (
𝑄𝐵

𝑠𝑐𝑖

1 + 𝑏𝐵𝑐𝑖

)
𝑠𝑖𝑡𝑒 𝐵

 

 Note: For all models, 𝐶𝑖 is the equilibrium solution concentration, 𝑞𝑖 is the equilibrium 

adsorbed concentration, and 𝐶𝑖
𝑠𝑎𝑡  is the solute aqueous solubility 
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2.1.4 Activity Coefficients of Adsorbates in Adsorbed Mixtures 

The widely accepted fundamental thermodynamic restrictions of adsorbed phase 

activity coefficients 𝛾𝑖(𝛹, z𝑖) are as follows 15 

1.  𝛾𝑖(𝛹, z𝑖) of component i approaches unity when z𝑖 approaches unity. 

 lim
z𝑖→1.0

𝛾𝑖 (𝛹) = 1.0   (9) 

2. As the spreading pressure, e.g. the total adsorption loading, approaches zero, 

 𝛾𝑖(𝛹, z𝑖) approaches unity for all components. 

 lim
𝛹→0

𝛾𝑖 = 1.0   (10) 

3. When a non-logarithmic isotherm equation is used,  𝛾𝑖(𝛹, z𝑖) approaches the 

infinite dilution value 𝛾𝑖
∞. 

 lim
z𝑖→0

𝛾𝑖 (𝛹) = 𝛾𝑖
∞(𝛹)   (11) 

 Two key problems of  𝛾𝑖(𝛹, z𝑖) are the spreading pressure dependency and 

infinite dilution values. One of the most prevailing factor of spreading pressure 

dependency for ln  𝛾𝑖 is (1 − 𝑒−𝑐∙𝛹) where c is an adjustable parameter.49  

2.2 Segregated Adsorption Models 

In dealing with nonideality of adsorbed phase mixtures, another approach is to 

assume heterogeneous adsorption sites, or energetic heterogeneity. 17, 32 The dual-site 

Langmuir model (DSL) was first derived to study activity coefficients of adsorbates by 

assuming segregated adsorption sites.20 It assumes that adsorbates form ideal adsorbed 
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solution on two independent sites. When all solutes have the same adsorption capacity at 

saturation on each site, the DSL model is identical to applying IAST at each site. Later, 

this segregated idea was further developed as heterogeneous IAST (HIAST) by assuming 

that each component has a distribution of adsorption sites.17, 32 However, a proper 

adsorption energy distribution function must be assumed in advance and be further 

parameterized. Attempts have been made by Myers in developing NIAST to correlate the 

heterogeneity back to activity coefficients.16 Since NIAST was derived based on 

molecular simulation involving only the difference in size of the adsorbate molecules, it 

only shows a limited success in predicting the adsorption of volatile organic molecules on 

activated carbon.47 More recently, the dual-site Langmuir model was brought back to the 

stage for multicomponent adsorption.18, 19 For instance, Ritter et al. attempted to account 

for nonideality by using a multi-component dual-site Langmuir (MSDSL) model, where 

binary/ternary components were allowed to have different maximum adsorption 

capacities on each site. Thus, MSDSL is not thermodynamically consistent and is not 

identical to IAST anymore.20 Swisher et al. attempted to keep thermodynamic 

consistency by using the original IAST on both sites while still allowing differences in 

adsorption saturation, which is termed segregated IAST (SIAST).18 To our best 

knowledge, none of these models, HIAST, MSDSL, and SIAST, have been used for 

multi-solute adsorption in the aqueous phase. In the present work, MSDSL and SIAST 

were applied to make comparison with IAST. 
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2.3 Multi-solute Adsorption  

Although intensive research has been conducted on the single-solute adsorption of 

benzene derivatives such as nitrobenzene, anilines, phenols, and polycyclic aromatics, 

there is only limited effort examining competitive adsorption in multi-solute systems. 

Zhang W.M. et al. and Valderrama et al. studied the binary adsorption of phenol/aniline 

onto MN200 and GAC using the extended Langmuir and Freundlich equations. 51, 52 In 

another work of Zhang W.M. et al., it was shown that Lewis acid-base interactions should 

be considered to account for the adsorption enhancement of aniline and phenol.27 Yang et 

al. proposed a surface-dominated sorption mechanism in the study of competitive 

adsorption of pyrene, phenanthrene, and naphthalene, 26, 28 but IAST was proved to be 

insufficient in predicting the adsorption equilibrium of the primary solute.26 We note that 

the concentrations of the competitors were too close to their water solubility in the above 

work so that it is expected that IAST gave poor prediction in such systems.  

Sander et al. studied adsorbate-adsorbent interactions in competitive adsorption 

by normalization of hydrophobic effects and concluded that π-π electron donor-acceptor 

(EDA) interactions with multi-walled carbon nanotubes provided extra forces for the 

adsorption of nitrobenzene compared to that of toluene and benzene.53 Jadhav et al. 

combined RAST with the modified Wilson equation in modeling binary adsorption of 

nitrobenzene, aniline, and phenol.21 Linear relationships were reported in their work 

between the activity coefficients of the two solutes with a constant concentration ratio. 

However, the linear relationships were obtained based on regression analysis for each test 

at each constant ratio, and thus, they are not ready to be applied to other solute 
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concentration ratios that have not been tested. Abburi54 has conducted both batch and 

column adsorption experiments to remove phenol and p-chlorophenol by Amberlite 

XAD-16 using the IAST method proposed by Crittenden et al24. A pH of 6 was found to 

be feasible for the bisolute adsorption and the resin was found to be able to remove 

phenols in repeated column test. Sulaymon et al. studied the equilibrium and dynamic 

column adsorption of furfural and phenolic compounds on activated carbon using a 

general multicomponent rate model which considers axial dispersion, external mass 

transfer, and intraparticle diffusion resistance.55 The simple multicomponent Langmuir 

model was used to determine the competitive adsorption equilibrium with close 

agreements between the simulated breakthrough curves and the experimental results for 

bi- and tri-solute adsorption of furfural, phenol, and p-chlorophenol. Valderrama et al. 

showed faster regeneration and a high percentage of recovery of MN200 in the removal 

of aniline and phenol while their prediction of breakthrough curves also agreed with 

experimental results.56 Valderrama et al. also showed that IAST performs better than 

multicompoment Langmuir model in determining the adsorption equilibrium which was 

then applied in fixed-bed adsorption models to predicting adsorption breakthrough curves 

for aniline and phenol.9 However, in all three studies just mentioned, the concentration 

ratios of solutes were close to 1:1, which is not very common in real water treatment 

systems. Since the accurate data of multicomponent adsorption equilibrium is necessary 

for fixed-bed column adsorption, an accurate model is desirable for solute mixtures with 

variable concentration ratios. 
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2.4 Polymeric Resin Adsorbent 

Polymeric resins typically have high surface area, small pore size, and adjustable 

selectivity for OCs.57 A number of studies have shown that resins are effective in 

removing a variety of OCs such as phenols, anilines, organic acids, aromatic 

hydrocarbons, alkanes and selected pesticides from aqueous solution.57-66 Resins also 

have facile regeneration under mild conditions (e.g., hot water, weak acid/base, and 

organic solvents) and stable performance over a long period; these features have enabled 

their full-scale application to various industrial wastewater treatment.57, 62, 66 In addition, 

resins can maintain their structural integrity and adsorption performance after more than 

2,000 regeneration cycles, as opposed to AC that typically needs to be replaced after 15 

to 20 cycles.66 There are two major types of resins used in industrial wastewater 

treatment: polystyrenes and polyacrylic esters.67  Comparably, polystyrene resins are 

more selective toward aromatic OCs while polyacrylic resins are more hydrophilic and 

attract more polar OCs.57 Based on adsorbate-adsorbent interaction forces ranging from 

induced dipole related interactions to - interactions to H-bonding, the recent work of 

our group has successfully developed predictive models that can estimate adsorption 

isotherms of various single aromatic contaminants by three widely used neutral resins: 

MN200 (microporous polystyrene), XAD4 (porous polystyrene) and XAD7 (porous 

polyacrylic).68-70  
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CHAPTER 3  

EXPERIMENTAL AND MODELING APPROACH 

3.1 Adsorption isotherms 

3.1.1 Solutes and Adsorbent 

Macronet MN200 , a hyper-crosslinked nonionic polymeric resin was obtained 

from Purolite® (U.S.). Before batch adsorption experiments, the resin was subjected to 

NaOH/DI-water/HCl wash, followed by extraction with methanol in a Soxlet apparatus to 

remove residual impurities. All selected solutes including nitrobenzene (99+%), aniline 

(99+%), 4-nitroaniline (99+%), 4-chloroaniline (99+%), phenol (99+%), 4-chlorophenol 

(99+%), 4-methylphenol (99+%), and 4-nitrophenol (99+%) were purchased from Fisher 

Scientific and prepared in DI water without further purification. Physical-chemical 

properties of selected aromatic compounds are shown in Table 2. 

Table 2. Physical-chemical properties of selected aromatic compounds 

Compounds Abbr. Csat  (mM) log KHW log Kgw pKa 
Melting point 

(˚C) 

Nitrobenzene NB 16.982 1.54 -3.12 / 5.7 

Aniline / 386.556 -0.04 -4.03 4.63 -6.0 

4-Nitroaniline 4-NA 5.792 -1.2 -7.18 1.0 146 

4-Chloroaniline 4-CA 21.596 0.56 -4.35 4.15 72.5 

Phenol / 852.088 -1.08 -4.59 9.89 40.9 

4-Chlorophenol 4-CP 204.574 -0.75 -5.05 9.18 42.7 

4-Methylphenol 4-MP 175.714 -0.19 -4.15 10.17 35.5 

4-Nitrophenol 4-NP 115.025 -1.93 -7.66 7.15 113 

Note: Csat is the aqueous solubility from ref 68, KHW is the n-hexadecane-water 

partitioning coefficient from ref 68, KGW is the Henry’s constant for gas-water equilibrium 
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from ref 68, pKa is the negative of the logarithm of dissociation constants of phenols and 

ammonium ions of corresponding anilines from refs 71, 72 and M.P. stands for melting 

point from ref 73. 

These 8 aromatic compounds were chosen to represent diverse intermolecular 

interactions as reflected by their different aqueous solubilit, KHW and pKa. Because steric 

effects were not the focus of this work, many of these compounds were chosen to contain 

para positioned substituents. Based on π-electron withdrawing and donating effects, these 

compounds can be divided into three groups: (1) phenol, aniline, and 4-MP are π-electron 

sufficient; (2) 4-CP and 4-CA are treated as weakly π-electron sufficient; and (3) NB, 4-

NP, and 4-NA are π-electron deficient.  

3.1.2 Batch Adsorption Experiments 

The adsorption experiments were performed in amber glass bottles equipped with 

Teflon-lined screw caps at 23±0.5℃. The pH values were about neutral for 4-MP, 

aniline, phenol, 4-CP, 4-CA, NB and 4-NA, and 4.0±0.5 for 4-NP. The bottles with 

different solute-sorbent combinations were then transferred to a shaker equipped with a 

thermostat under 175 rpm for 48 hrs. Initial and equilibrium concentrations were 

determined by HPLC with methanol and distilled water (methanol and pH=3.0 

phosphoric acidh 4-NP) as mobile phase. For binary-solute adsorption, at least 90 

seconds of difference in the retention times of each pair of solutes were obtained by 

changing the ratio of methanol and distilled water (or pH=3.0 phosphoric acid).  
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3.1.3 Error Analysis 

The correlation of calculated values, 𝑉𝑖
𝑐𝑎𝑙𝑐, by fitting equations of adsorption 

isotherms or activity coefficients with experimental values, 𝑉𝑖
𝑒𝑥𝑝

, was evaluated using 

statistic equations such as relative error (RE, eq. 12), root mean square error (RMSE, eq. 

13), and mean weighted square error (MWSE, eq. 14). All adjustable parameters in fitting 

equations for adsorption isotherms and activity coefficients were determined by the least-

square error method (LSE, eq. 15). 

 
𝑅𝐸 = |

𝑉𝑖
𝑒𝑥𝑝

−𝑉𝑖
𝑐𝑎𝑙𝑐

𝑉𝑖
𝑐𝑎𝑙𝑐 | × 100%  (12) 

 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ (|

𝑉
𝑖
𝑒𝑥𝑝

−𝑉𝑖
𝑐𝑎𝑙𝑐

𝑉𝑖
𝑐𝑎𝑙𝑐 |

2

)𝑛

2

× 100%  (13) 

 
𝑀𝑊𝑆𝐸 =

1

𝑛−3
∑ (|

𝑉𝑖
𝑒𝑥𝑝

−𝑉𝑖
𝑐𝑎𝑙𝑐

𝑉𝑖
𝑐𝑎𝑙𝑐 |

2

)𝑛 × 100%  (14) 

 
𝐿𝑆𝐸 =

1

𝑛
∑ (|

𝑉𝑖
𝑒𝑥𝑝

−𝑉𝑖
𝑐𝑎𝑙𝑐

𝑉𝑖
𝑐𝑎𝑙𝑐 |

2

)𝑛 × 100%  (15) 

3.1.4 Selection of Single Solute Models 

Single solute adsorption data from previous work in our research group is plotted 

in Figure 1.69 Our preliminary work showed that for the single-solute adsorption 

isotherms of aniline, phenol, and their substitutes by MN200, an empirical equation 

developed by ourselves (i.e. the quadratic Freundlich in Table 1) and Toth equation gave 

much smaller MWSEs than D-A model (Table 2).69 In this study, the quadratic 

Freundlich equation was chosen to implement algorithm of ASTs rather than Toth 
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equation since Toth equation has to be numerically integrated.74 Dual-site Langmuir 

equation was applied in Segregated IAST (SIAST) and multi solute dual-site Langmuir 

(MSDSL) models. 18, 19  

 

Figure 1.  Experimental data of single solute adsorption of  

8 aromatic compounds onto MN200. Adapted from ref69 
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Table 3. Fitting results of single-solute isotherm models 

Compound 

(abbr.) 

Quadratic Freundlich Toth D-A Dual-site Langmuir 

  m n K MWSE Qm α t MWSE Qo Eo β MWSE 𝑄𝐴
𝑠  𝑏𝐴 𝑄𝐵

𝑠  𝑏𝐵 MWSE 

NB -0.0485 0.267 1.193 1E-03 6.49 10.91 0.438 1E-03 4.645 17.2 2.17 1E-02 4.04 2.36 0.67 62.37 2E-03 

Phenol -0.0404 0.498 -0.090 6E-04 6.23 1.02 0.361 8E-04 4.456 20.05 2.08 2E-03 3.51 0.17 0.38 9.23 3E-03 

4-MP -0.0306 0.348 0.455 5E-04 7.04 11.71 0.274 4E-04 4.197 20.39 1.8 4E-03 3.26 0.21 0.84 21.31 8E-03 

4-CP -0.0266 0.292 0.652 1E-03 6.72 40.73 0.258 4E-04 4.426 22.98 1.75 1E-02 3.06 0.28 1.06 36.05 4E-04 

4-NP -0.0263 0.313 0.495 4E-04 7.66 33.96 0.234 7E-04 3.806 20.57 1.81 1E-03 3.03 0.54 0.60 61.08 5E-03 

Aniline -0.0347 0.502 -0.038 2E-03 9.25 0.93 0.314 1E-03 5.023 17.82 1.88 2E-03 4.19 0.12 0.51 7.25 1E-02 

4-CA -0.0349 0.297 0.918 6E-04 8.05 18.58 0.298 6E-04 4.205 17.77 1.77 2E-03 3.38 1.50 0.65 84.64 5E-03 

4-NA -0.0305 0.383 0.895 3E-04 15.92 6.68 0.256 3E-04 3.763 13.59 1.48 1E-03 3.40 1.48 0.44 75.10 1E-03 
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3.1.5 Solution of IAST 

In binary systems, there is a set of four equations based on eqs 1-5 for IAST 12, 24  

 𝐶1 −
𝑞1

𝑞1+𝑞2
𝐶1

0 = 0  (16) 

 𝐶2 −
𝑞2

𝑞1+𝑞2
𝐶2

0 = 0  (17) 

 𝑞1

𝑞1
0 +

𝑞2

𝑞2
0 − 1 = 0   (18) 

 𝛹1(𝐶1
0) − 𝛹2(𝐶2

0) = 0  (19) 

For different single solute isotherms, 𝛹i (i = 1, 2) can be explicit functions of 

either 𝐶𝑖
0 or 𝑞𝑖

0 (refer to eq. 5). By substituting the quadratic Freundlich equation 

 𝑞𝑖
𝑜 = exp(𝑚𝑖 ∙ (ln 𝐶𝑖

0 )2 + 𝑛𝑖 ∙ ln 𝐶𝑖
0 + ln 𝐾𝑖)  (20) 

 into eq. 5 we obtain: 

 
𝛹𝑖(𝐶𝑖

0) =
0.5√𝑃𝑖 ∙𝑒

4 𝑚𝑖 ln 𝐾𝑖−𝑛𝑖
2

4𝑚𝑖 ∙(1−erf(
2𝑚𝑖 ln 𝐶𝑖

0+𝑛𝑖
2√−𝑚𝑖

))

√−𝑚𝑖
, 𝑃𝑖 = 3.14159  

(21) 

Then, by substitute eq. 20 into Eq. 18 and eq. 21 into eq. 19, we constitute the 4 

nonlinear simultaneous equations with two unknown 𝐶𝑖
0 values and two unknown 𝑞𝑖 

values. 

 𝐹1 = 𝐶1 −
𝑞1

𝑞1+𝑞2
𝐶1

0 = 0  (22) 

 𝐹2 = 𝐶2 −
𝑞2

𝑞1+𝑞2
𝐶2

0 = 0  (23) 
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 𝐹3 =
𝑞1

e 𝑚1(ln 𝐶1
0)

2
+𝑛1 ln 𝐶1

0+ln 𝐾1  

+
𝑞2

e𝑚2(ln 𝐶2
0)

2
+𝑛2 ln 𝐶2

0+ln 𝐾2

− 1 = 0  (24) 

 

𝐹4 =
0.5√𝑃𝑖 ∙𝑒

4 𝑚1 ln𝐾1−𝑛1
2

4𝑚1 ∙(1−erf(
2𝑚1 ln𝐶1

0+𝑛1

2√−𝑚1
))

√−𝑚1
−

0.5√𝑃𝑖 ∙𝑒

4 𝑚2 ln𝐾2−𝑛2
2

4𝑚2 ∙(1−erf(
2𝑚2 ln𝐶2

0+𝑛2

2√−𝑚2
))

√−𝑚2
= 0   

(25) 

The unknowns for eqs. 22-25 are 𝐶𝑖
0and 𝑞𝑖. If we let the solution be 𝑋 =

(𝑞1, 𝑞2, 𝐶1
0, 𝐶2

0)′ (the prime is known as transpose), the 4 nonlinear simultaneous 

equations can be solved numerically by Newton-Raphson iteration, which is formulated 

as follows 

 𝑋⃗𝑛𝑒𝑤 = 𝑋⃗𝑖𝑛𝑖 − 𝐽𝑖𝑛𝑖
−1𝐹⃗𝑖𝑛𝑖  (26) 

where  𝑋⃗𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the initial guess of the solution and 𝑋⃗𝑛𝑒𝑤 is the new solution. 𝐽𝑖𝑛𝑖
−1 is the 

inverse matrix of Jacobian matrix, J, as shown in eq. 27. 

 

𝐽 =

(

 
 
 
 

𝜕𝐹1

𝜕𝑞1

𝜕𝐹1

𝜕𝑞2

𝜕𝐹2

𝜕𝑞1

𝜕𝐹2

𝜕𝑞2

𝜕𝐹1

𝜕𝐶1
0

𝜕𝐹1

𝜕𝐶2
0

𝜕𝐹2

𝜕𝐶1
0

𝜕𝐹2

𝜕𝐶2
0

𝜕𝐹3

𝜕𝑞1

𝜕𝐹3

𝜕𝑞2

𝜕𝐹4

𝜕𝑞1

𝜕𝐹4

𝜕𝑞2

𝜕𝐹3

𝜕𝐶1
0

𝜕𝐹3

𝜕𝐶2
0

𝜕𝐹4

𝜕𝐶1
0

𝜕𝐹4

𝜕𝐶2
0)

 
 
 
 

                                               (27) 

where 

 𝜕𝐹𝑖

𝜕𝑞𝑖
= −

𝐶𝑖
0

𝑞i+𝑞j
+

𝑞i𝐶𝑖
0

(𝑞i+𝑞j)
2          (28) 

 𝜕𝐹𝑖

𝜕𝑞𝑗
=

𝑞i𝐶𝑖
0

(𝑞i+𝑞j)
2          (29) 

 𝜕𝐹𝑖

𝜕𝐶𝑖
0 = −

1

𝑞i+𝑞j
      (30) 
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 𝜕𝐹𝑖

𝜕𝐶𝑗
0 = 0   (31) 

 𝜕𝐹3

𝜕𝑞𝑖
=

1

e 𝑚𝑖(ln𝐶𝑖
0)2+𝑛𝑖 ln𝐶𝑖

0+ln𝐾𝑖  
    (32) 

 
𝜕𝐹3

𝜕𝐶𝑖
0 = (−1)𝑖−1

𝑞𝑖(
2𝑚𝑖 ln𝐶𝑖

0

𝐶𝑖
0 +

𝑛𝑖

𝐶𝑖
0)

e 𝑚𝑖(ln𝐶𝑖
0)2+𝑛𝑖 ln𝐶𝑖

0+ln𝐾𝑖  
    

(33) 

 𝜕𝐹4

𝜕𝑞𝑖
= 0   (34) 

 𝜕𝐹4

𝜕𝐶𝑖
0 = (−1)𝑖−1 e 𝑚𝑖(ln𝐶𝑖

0)2+𝑛𝑖 ln𝐶𝑖
0+ln𝐾𝑖  

𝐶𝑖
0   (35) 

  𝑖 = 1 𝑜𝑟 2, 𝑗 = 1 𝑜𝑟 2 and 𝑖 ≠ 𝑗 for eqs 28-35. 

        From each initial guess of 𝑋⃗𝑖𝑛𝑖, 𝐹⃗𝑖𝑛𝑖 = (𝐹1, 𝐹2, 𝐹3, 𝐹4)
′ could be calculated, so as 𝐽𝑖𝑛𝑖

−1. 

Then 𝑋⃗𝑛𝑒𝑤 was calculated by eq. 26 and set as  𝑋⃗𝑖𝑛𝑖 for the next iteration. The same 

iteration process was repeated until eqs. 22 to 25 were satisfied. Once all unknowns were 

calculated, the reduced spreading pressure was determined by eq. 21. 

 In the present work, the initial guesses of the unknowns, 𝑞1
𝑖𝑛𝑖, 𝑞2

𝑖𝑛𝑖, 𝐶1
0,𝑖𝑛𝑖, and 

 𝐶2
0,𝑖𝑛𝑖

, were obtained by the following empirical method we developed. By using this 

method, the iteration of Newton-Raphson algorithm always converged with few failures 

under varying conditions such as initial concentration ratios of up to 1:100. 

 First, the concentration of component i, 𝐶i, was converted to an equivalent 

concentration of component j, 𝐶i,j, by assuming that they are equally competitive if their 

equilibrium adsorbed amounts are the same in single solute adsorption equilibrium (eqs. 

36 and 37). eq. 37 is simply the inverse function of the quadratic Freundlich equation. 



25 

 

 

 𝑞𝑖′ = e(𝑚𝑖∙(ln𝐶i )
2+𝑛𝑖∙ln𝐶i+ln𝐾𝑖)   (36) 

 

𝐶i,j = 𝑒

−𝑛𝑗+(𝑛𝑗
2−4𝑚𝑗(ln𝐾𝑖−ln𝑞𝑖′))

0.5

2𝑚𝑗   
(37) 

Then, the binary solute mixture becomes a mixture of the real solute j with concentration 

𝐶j and the hypothetical solute j with concentration 𝐶i,j converted from solute i. The initial 

guesses of 𝑞𝑗
𝑖𝑛𝑖 were then determined from eqs. 38-40 

 𝐶𝑗
𝑇 = 𝐶j + 𝐶i,j   (38) 

 
𝑞𝑗

𝑇 = e(𝑚𝑗∙(ln𝐶𝑗
𝑇 )2+𝑛𝑗∙ln 𝐶𝑗

𝑇+ln𝐾𝑗)    (39) 

 
𝑞𝑗

𝑖𝑛𝑖 =
𝐶j𝑞𝑗

𝑇

𝐶𝑗
𝑇     (40) 

eq. 40 was derived by assuming identical fractions of solute j in the adsorbed phase 

and the aqueous phase. For each component, we had to repeat the conversion (eq. 

36 and eq. 37) first and then calculate 𝐶𝑗
𝑇 , 𝑞𝑗

𝑇 and 𝑞𝑗
𝑖𝑛𝑖. Once we had all 𝑞𝑗

𝑖𝑛𝑖 values, 

𝐶𝑗
0,𝑖𝑛𝑖 values were determined by eq. 41 which was derived from eq. 1 

 
𝐶𝑗

0,𝑖𝑛𝑖 =
𝐶j ∑𝑞𝑗

𝑖𝑛𝑖

𝑞𝑗
𝑖𝑛𝑖    (41) 

3.1.6 Multi Solute Dual-Site Langmuir (MSDSL)  

For the assumed two-site heterogeneous surface consisting of site A and site B, 

the single solute adsorption isotherm is 
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𝑞𝑖 = (

𝑄𝐴,𝑖
𝑠 𝑐𝑖

1+𝑏𝐴,𝑖𝑐𝑖
)

𝑠𝑖𝑡𝑒 𝐴

+(
𝑄𝐵,𝑖

𝑠 𝑐𝑖

1+𝑏𝐵,𝑖𝑐𝑖
)

𝑠𝑖𝑡𝑒 𝐵

   (42) 

The site that component i has a higher adsorption energy is always denoted as site A. 

We used the same site-matching approach of Ritter et al. and assumed that in all 

binary adsorption, primary component A and competitor B follow a perfect positive 

correlation, that is, both solutes have higher adsorption energy on site A.19 Thus, the 

binary solute dual-site Langmuir model is given as 

 
𝑞1 = (

𝑄𝐴,1
𝑠 𝐶1

1+𝑏𝐴,1𝐶1+𝑏𝐴,2𝐶2
)

𝑠𝑖𝑡𝑒 𝐴
+(

𝑄𝐵,1
𝑠 𝐶1

1+𝑏𝐵,1𝐶1+𝑏𝐵,2𝐶2
)

𝑠𝑖𝑡𝑒 𝐵
   (43) 

 
𝑞2 = (

𝑄𝐴,2
𝑠 𝐶2

1+𝑏𝐴,2𝐶2+𝑏𝐴,1𝐶1
)

𝑠𝑖𝑡𝑒 𝐴
+ (

𝑄𝐵,2
𝑠 𝐶2

1+𝑏𝐵,2𝐶2+𝑏𝐵,1𝐶1
)

𝑠𝑖𝑡𝑒 𝐵
   (44) 

Components A and B could have different saturation capacity on the same site 

from the fitting point of view. However, only when 𝑄𝐴,1
𝑠  is identical to 𝑄𝐴,2

𝑠 , and 𝑄𝐵,1
𝑠  to 

𝑄𝐵,2
𝑠 , then eqs 43 and 44 are thermodynamically consistent.20 

3.1.7 Segregated Ideal Adsorbed Solution Theory (SIAST) 

Single solute adsorption isotherms were fitted into eq. 42. The same fitting 

parameters and site-matching approach as in MSDSL are accepted in SIAST. While in 

MSDSL the adsorbed amounts were predicted by eq. 43 and eq. 44, IAST was 

implemented separately at the two segregated adsorption sites in SIAST to predict the 

competitive adsorption at each site.  
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Eq. 45 relates the reduced spreading pressure for single solute adsorption of 

component i (i=1 or 2) at site k (k=A or B) to the Langmuir adsorption isotherm based on 

eq. 5.  

 
𝛹𝑘,𝑖 = ∫ 𝑞𝑘,𝑖

0𝐶𝑘,𝑖
0

0
𝑑 ln 𝐶𝑘,𝑖

0 = 𝑄𝑘,𝑖
𝑠 ln(1 + 𝑏𝑘,𝑖𝐶𝑘,𝑖

0 )   (45) 

where 𝑞𝑘,𝑖
0  is the single-solute adsorbed phase concentration of component i at site k with 

the same spreading pressure as the mixture. 

 
𝑞𝑘,𝑖

0 =
𝑄𝑘,𝑖

𝑠 𝐶𝑘,𝑖
0

1+𝑏𝑘,𝑖𝐶𝑘,𝑖
0    (46) 

Then the 4 nonlinear simultaneous equations were constituted separately for site k 

by substituting eq. 40 into eq. 14 and eq. 41 in eq. 13 as follows 

 𝐹𝑘,1 = 𝐶1 −
𝑞k,1

𝑞k,1+𝑞k,2
𝐶j,1

0 = 0   (47) 

 𝐹𝑘,2 = 𝐶2 −
𝑞k,2

𝑞k,1+𝑞k,2
𝐶j,2

0 = 0   (48) 

 𝐹𝑘,3 =
𝑞𝑘,1(1+𝑏𝑘,𝑖𝐶1)

𝑄𝑘,1
𝑠 𝐶1 

+
𝑞𝑘,2(1+𝑏𝑘,2𝐶2)

𝑄𝑘,2
𝑠 𝐶2

− 1 = 0   (49) 

 𝐹𝑘,4 = 𝑄𝑘,1
𝑠 ln(1 + 𝑏𝑘,1𝐶𝑘,1

0 ) − 𝑄𝑘,2
𝑠 ln(1 + 𝑏𝑘,2𝐶𝑘,2

0 ) = 0  (50) 

where 𝑞k,i is the unknown adsorbed amount of component i at site k. 𝑞A,i and 𝑞B,i were 

separately calculated from two sets of equations for site A and site B. We can then 

express the total adsorbed amount of component i as 

 𝑞𝑖 = 𝑞A,i + 𝑞B,i   (51) 
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The initial guesses of 𝑞k,i for site k were obtained based on the results of MSPDL 

for site k (eq. 52).  

Initial values of 𝐶j,i
0  were calculated based on eqs. 1-3. 

3.1.8 Design of Binary Adsorption Experiments 

All sets of binary solute adsorption data were collected from batch adsorption 

experiments. Initial concentrations of both components, solution volume, and dosage of 

MN200 resin were designed to fulfill the following rules: 

1. Expected equilibrium concentrations of component A, denoted as the primary 

solute, changed approximately from 0.005mM to 40mM or about 40% of the 

saturation concentration. 

2. Expected equilibrium concentrations of component B, denoted as the 

competitor, were set at a constant value. 

3. The adsorbed amounts of the primary solute and the competitor were 

predicted by IAST using the expected equilibrium concentrations of 

components A and B. By changing the expected equilibrium concentration, 

we were able to change the expected adsorbed amounts and thus, let the 

adsorbed phase mole fractions change from 0.1 to 0.9. 

4. Either 20mL or 50mL of total volume was chosen in batch experiments based 

on the concentration of the primary solute. 

 
𝑞k,i = (

𝑄𝑘,𝑖
𝑠 𝐶𝑖

1+𝑏𝑘,𝑖𝐶𝑖+𝑏𝑘,𝑗𝐶𝑗
)   (52) 
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5. Initial concentrations of the primary solute and the competitor were calculated 

from batch adsorption mass balance (eq. 53) while the dosage of the adsorbent 

was adjusted to obtain a constant initial concentration of the competitor. 

 
𝐶𝑖𝑛𝑖,𝑖 − 𝐶𝑖 =

𝑀𝑞𝑖

𝑉
 (53) 

At adsorption equilibrium, the concentration of the competitor was not exactly a 

constant due to the deviation of IAST from experimental equilibrium, but decreased by 

1% to 10% as the concentration of the primary solute increased. 

3.2 Real adsorbed Solution Theory (RAST) and 𝜸𝒊 Modeling 

3.2.1 Calculation of 𝜸𝒊 Based on Experimental Data 

To evaluate reduced spreading pressure in binary solute adsorption equilibrium, 

the Gibbs adsorption equation  

 𝑑𝛹 = 𝑑 (
𝜋𝐴

𝑅𝑇
) = ∑ 𝑞𝑖𝑑𝑙𝑛𝐶𝑖

𝑛
𝑖       (54) 

or 

 𝑑𝛹 = 𝑑 (
𝜋𝐴

𝑅𝑇
) = 𝑞𝑇𝑑𝑙𝑛 𝐶𝑇 + ∑ 𝐶𝑇𝑧𝑖𝑑𝑙𝑛𝑥𝑖

𝑛
𝑖                               (55) 

had to be integrated from zero loading to experimental equilibrium conditions of our 

interests, where 

 𝐶𝑇 = ∑ 𝐶𝑖
𝑛
𝑖    (56) 

 𝑥𝑖 =
𝐶𝑖

𝐶𝑇
   (57) 
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For binary adsorption equilibrium in batch reactors, as mentioned before, the initial 

concentration can be held as constant but accurate control on the equilibrium 

concentration is not always available. Thus, three methods for binary adsorption in batch 

reactors are expressed in this work as follows 

i. Constant ratio of the initial concentrations of the two components 

As preliminary results and previous work of other researches show, if the two 

components have a constant ratio of the initial concentrations, then the equilibrium 

concentrations obey a linear logarithmic correlation which can be expressed as (Figure 2) 

 ln 𝐶1 = 𝐴 ln𝐶2 + 𝐵    (58) 

and  

 𝑑 ln𝐶1 = 𝐴 𝑑 ln 𝐶2    (59) 

Then, eq. 48 is integrated as  

 𝛹 = ∫ (𝐴𝑞1+𝑞2)𝑑𝑙𝑛 𝐶1
𝐶1

0
= ∫ (𝑞1 +

𝑞2

𝐴
)𝑑𝑙𝑛 𝐶2

𝐶2

0
    (60) 

ii. Constant initial concentration of the competitor 

The equilibrium concentration of the competitor usually decreases by 1% to 15% 

from the expected equilibrium concentration as the concentration of the primary solute 

increases. This is due to the underestimation of the adsorbed amount of the competitor by 

IAST when its fraction decreases from 1.00 to 0.00. We derived the integral of eq. 54 by 

assuming the equilibrium concentration of the competitor is constant. This method is 

expressed as the following equation and also as the two-step integration path (BR1) in 

Figure 2 
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 𝛹 = ∫ 𝑞2
0(0, 𝐶2

0)
𝐶2

0
𝑑𝑙𝑛𝐶2

0 + ∫ 𝑞1(𝐶1, 𝐶2
𝑐𝑜𝑛𝑠𝑡)

𝑐1

0
𝑑𝑙𝑛𝐶1 = 𝛹𝐼 + 𝛹𝐼𝐼    (61) 

 

Figure 2. Two proposed integration paths for eq. 54 

The first integral term in eq. 61 is the integration of the single component 

isotherm of the competitor from zero loading to its equilibrium concentration in binary 

adsorption, 𝐶2. The second integral term in eq. 61 is the integration of the experimental 

isotherm of the primary solute in the bisolute mixture from zero to its equilibrium 

concentration, 𝐶1, where 𝑞1(𝐶1, 𝐶2
𝑐𝑜𝑛𝑠𝑡) is the fitting on the quadratic Freundlich equation 

of the adsorption isotherm of the primary solute in the presence of an approximately 

constant concentration of the competitor, 𝐶2
𝑐𝑜𝑛𝑠𝑡. After substituting eq. 21 into eq. 61, we 

express the result as follows 

 

𝛹𝐼 = ∫ 𝑞1(0, 𝐶2)
𝐶2

0
𝑑𝑙𝑛𝐶2 =

0.5√𝑃𝑖 ∙𝑒

4 𝑚2 ln 𝐾2−𝑛2
2

4𝑚2 ∙(1−erf(
2𝑚2 ln𝐶2

0+𝑛2

2√−𝑚2
))

√−𝑚2
    

(62) 

 

𝛹𝐼𝐼 = ∫ 𝑞1(𝐶1, 𝐶2
𝑐𝑜𝑛𝑠𝑡)

𝑐1

0
𝑑𝑙𝑛𝐶1 =

0.5√𝑃𝑖 ∙𝑒

4 𝑚1,𝑒𝑥𝑝 ln 𝐾2,𝑒𝑥𝑝−𝑛2,𝑒𝑥𝑝
2

4𝑚1,𝑒𝑥𝑝 ∙(1−erf(
2𝑚1,𝑒𝑥𝑝 ln 𝐶1+𝑛2,𝑒𝑥𝑝

2√−𝑚1,𝑒𝑥𝑝
))

√−𝑚1,𝑒𝑥𝑝
  

(63) 
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 𝛹 = 𝛹𝐼 + 𝛹𝐼𝐼     (64) 

In eq. 62, parameters 𝑚2, 𝑛2 and 𝐾2 are from single solute adsorption of the competitor. 

In eq. 63, parameters 𝑚1,𝑒𝑥𝑝,  𝑛1,𝑒𝑥𝑝, and 𝐾1,𝑒𝑥𝑝 are from the experimental data of the 

binary solute adsorption of the primary solute. 

With the experimental Ψ values calculated by eq. 64, 𝐶1
0 and 𝐶2

0 were numerically 

determined from eq. 21 by letting 𝛹𝑖(𝐶𝑖
0) equal to Ψ. Then the experimental 𝛾𝑖 values, 

𝛾𝑖
𝑒𝑥𝑝

, can be calculated as follows 

 𝛾𝑖
𝑒𝑥𝑝 =

𝐶𝑖

𝑧𝑖𝐶𝑖
0   (65) 

The four simultaneous nonlinear equations of RAST using 𝛾𝑖
𝑒𝑥𝑝

 are expressed as  

 𝐹1 = 𝐶1 −
𝑞1

𝑞1+𝑞2
𝛾1

𝑒𝑥𝑝𝐶1
0 = 0   (66) 

 𝐹2 = 𝐶2 −
𝑞2

𝑞1+𝑞2
𝛾2

𝑒𝑥𝑝𝐶2
0 = 0  (67) 

 𝐹3 =
𝑞1

e 𝑚1(ln 𝐶1
0
)
2
+𝑛1 ln 𝐶1

0
+ln 𝐾1  

+
𝑞2

e𝑚2(ln 𝐶2
0
)
2
+𝑛2 ln 𝐶2

0
+ln 𝐾2

− 1 = 0  (68) 

 

𝐹4 =
0.5√𝑃𝑖 ∙𝑒

4 𝑚1 ln𝐾1−𝑛1
2

4𝑚1 ∙(1−erf(
2𝑚1 ln𝐶1

0+𝑛1

2√−𝑚1
))

√−𝑚1
−

0.5√𝑃𝑖 ∙𝑒

4 𝑚2 ln𝐾2−𝑛2
2

4𝑚2 ∙(1−erf(
2𝑚2 ln𝐶2

0+𝑛2

2√−𝑚2
))

√−𝑚2
= 0  

  

(69) 

Since 𝛾𝑖 is assumed to be independent on spreading pressure, the partial derivative term 

in eq. 7 is neglected in eq. 68.  

iii. Infinite dilute solution of the primary solute 
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When the primary solute has much lower concentrations in both the aqueous 

phase and the adsorbed phase than the competitor, the following approximation can be 

made: 

 𝑧1 = lim
𝑞1
𝑞2

→0

𝑞1

𝑞1+𝑞2
=

𝑞1

𝑞2
  (70) 

This infinite dilute condition for adsorbed binary mixtures resembles the infinite dilute 

condition of liquid mixtures by viewing the adsorbed primary solute as an infinite dilute 

solute and the adsorbed competitor as a bulk phase of solvent. In such a case, it is 

reasonable to assume that the adsorption equilibrium of the competitor is close to its 

single-solute adsorption system. Therefore, eq. 70 can be further approximated as: 

 𝑧1 = lim
𝑞1→0

𝑞1

𝑞1+𝑞2
≈

𝑞1

𝑞2
0  (71) 

By substituting eq. 71 into eq. 65, we obtain 

 𝛾1
∞ =

𝐶1𝑞2
0

𝑞1𝐶1
0  (72) 

and  

 𝑞1 =
𝐶1𝑞2

0

𝛾1
∞𝐶1

0  (73) 

where 𝛾1
∞ represents the infinite dilution activity coefficient of the primary solute in the 

adsorbed phase while 𝑞2
0 and 𝐶1

0 are from the single solute system of each solute at the 

same reduced spreading pressure. When 𝛾1
∞ is unit, we can define the IAST-predicted 

adsorbed amount as: 
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 𝑞1
𝐼𝐴𝑆𝑇 =

𝐶1𝑞2
0

𝐶1
0   (74) 

By substituting eq. 74 into eq. 72, we obtain 

 
𝛾1

∞ =
𝑞1

𝐼𝐴𝑆𝑇

𝑞1
  (75) 

eq. 75 not only provides a quick method to calculate 𝛾1
∞, but also shows that 𝛾1

∞ directly 

compares 𝑞1
𝐼𝐴𝑆𝑇 and the experimental adsorbed amount 𝑞𝑖 under infinite dilution 

conditions.  

3.2.2 Fitting Equations for Adsorbed Phase Activity Coefficients  

𝛾𝑖 estimated using Wilson model is shown as follows 

 ln 𝛾𝑖 = 1 − ln(∑ 𝑧𝑗
𝑛
𝑗 𝛬𝑖𝑗) − ∑

𝑧𝑘𝛬𝑘𝑖

∑ 𝑧𝑗𝛬𝑘𝑗
𝑛
𝑗

𝑛
𝑘    (76) 

where 𝑧𝑗 is the adsorbed phase fraction of component j. 𝛬𝑖𝑗 and 𝛬𝑖𝑗 are the adjustable 

parameters. For a binary solute mixture, the equations are expressed as  

 ln 𝛾1 = 1 − ln(𝑧1 + 𝑧2𝛬12) − (
𝑧1

𝑧1+𝑧2𝛬12
) − (

𝑧2𝛬21

𝑧1𝛬21+𝑧2
)  (77) 

 ln 𝛾2 = 1 − ln(𝑧2 + 𝑧1𝛬21) − (
𝑧2

𝑧2+𝑧1𝛬21
) − (

𝑧1𝛬21

𝑧2𝛬12+𝑧1
)    (78) 

𝛾𝑖 estimated using NRTL model is shown below 

 
ln 𝛾𝑖 =

∑ 𝑧𝑗𝜏𝑗𝑖𝐺𝑗𝑖
𝑛
𝑗

∑ 𝑧𝑘𝐺𝑘𝑖
𝑛
𝑘

+ ∑ (
𝑧𝑗𝐺𝑖𝑗

∑ 𝑧𝑘𝐺𝑘𝑗
𝑛
𝑘

(𝜏𝑖𝑗 −
∑ 𝑧𝑘𝜏𝑘𝑗𝐺𝑘𝑗

𝑛
𝑘

∑ 𝑧𝑘𝐺𝑘𝑗
𝑛
𝑘

))𝑗     (79) 

with 
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 𝐺𝑗𝑖 = exp(−𝛼𝑗𝑖𝜏𝑗𝑖),     (80) 

and 

 𝜏𝑗𝑖 =
𝑔𝑗𝑖−𝑔𝑖𝑖

𝑅𝑇
,             𝜏𝑖𝑖 = 𝜏𝑗𝑗 = 0    (81) 

𝑔𝑗𝑖 represents energy of interaction between component i and j. 

For a binary solute mixture, NRTL equations are expressed as follows 

 
ln 𝛾1 = 𝑧2

2 [𝜏21 (
𝐺21

𝑧1+𝑧2𝐺21
)

2

+
𝜏12𝐺12

(𝑧2+𝑧1𝐺12)
]   (82) 

 
ln 𝛾2 = 𝑧1

2 [𝜏21 (
𝐺12

𝑧2+𝑧1𝐺12
)

2

+
𝜏21𝐺21

(𝑧1+𝑧2𝐺21)
]   (83) 

with 

 𝐺12 = exp(−𝛼12𝜏12), 𝐺21 = exp(−𝛼12𝜏21)    (84) 

𝜏12, 𝜏21 and 𝛼12 are three adjustable parameters for a binary solute mixture. 

 To obtain better fitting of 𝛾𝑖
𝑒𝑥𝑝

, we propose to use an empirical four-parameter 

model (FPM) shown as follows 

 ln 𝛾1 = −𝐴1𝑧2
𝛽1  (85) 

 ln 𝛾2 = −𝐴2𝑧1
𝛽2  (86) 

where 𝐴1, 𝐴2 𝛽1, and 𝛽2 are adjustable parameters. The proposed FPM has been derived 

from the two-parameter Margules equation. In FPM, each ln 𝛾i is allowed to have 
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different infinite values when 𝑧j approaches zero, that is, each solute has its own 𝐴𝑖. In 

addition, each solute has its own adjustable exponent 𝛽𝑖 to achieve better fitting.  

All adjustable parameters in Wilson equation, NRTL model, and the FPM were 

calculated by performing least-square-error nonlinear regression on 𝛾𝑖
𝐸𝑥𝑝

. Then, these 

models with fitting parameters determined based on experimental data were used to 

estimate 𝛾𝑖 for binary adsorption at other equilibrium conditions, results denoted as 

RAST. The process is described in Figure 3. 
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Figure 3. Procedure for iterative calculation of RAST 

with 𝛾𝑖 calculated based on fitting equations 

Use IAST (eq. 22-25) to predict 

 𝑞1, 𝑞2 

Calculate 𝑧1, 𝑧2 

Using RAST (eq. 66-69) to obtain 
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3.3 Polyparameter Linear Free Energy Relationship (pp-LFER) 

Abraham’s pp-LFER has been widely used in the field of environmental science to 

study partitioning and sorption which has a general form for any specific partition (𝑆𝑃): 

 𝑆𝑃 = 𝑒𝑬 + 𝑠𝑺 + 𝑎𝑨 + 𝑏𝑩 + 𝑣𝑽 + 𝑐  (87) 

where 𝑆𝑃 is a physical chemical property of a solute related to Gibbs free energy of 

transfer between two phases of interests that can be either solvent such as water or a 

sorbed phase onto a sorbent such as NOM and AC. For instance, 𝑆𝑃 can be the logarithm 

of partitioning coefficient, ln Kw/ads, of a known solute between water and the adsorbed 

phase onto an adsorbent. The terms E, S, A, B, and V stand for solute descriptors 

developed by Abraham’s group.75 The excess molar refraction (E) is used to capture 

nonspecific interactions associated with induced dipoles due to London dispersive forces 

and Debye forces;75 the McGowan’s characteristic volume (V) is intended to involve 

cavitation energy and some additional induced dipole-induced dipole forces;76 S, the 

polarity/polarizability parameter, is to account for permanent dipole involved interactions 

which partly overlap with E for induced dipole forces; and A and B represent the overall 

H-bonding donating and accepting ability, respectively.77 The counterparts of these solute 

descriptors, e, s, a, b, and v, are coefficients determined by multiple linear regression 

analysis. They demonstrate the difference between the solution phase and, for example, 

the adsorbed phase, in their ability to participate in each interaction. It is worth noting 

that these coefficients can be dependent on the adsorbed amount when adsorption 

isotherm is nonlinear.78 
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In this project, we propose, for the first time, to study infinite adsorbed phase 

activity coefficients by pp-LFER. From eq. 72 we can derive 

 ln
𝐶1

𝑞1
= ln

𝐶1
0

𝑞2
0 + ln 𝛾1

∞  (88) 

The left hand side can be treated as the partitioning coefficient, ln Kw/ads(𝛹), of the 

infinite dilute primary solute defined in Section 3.2.1 between the aqueous phase and the 

adsorbed phase, which has been preloaded with a competitor with 𝛹. 𝛹 is also the 

reduced spreading pressure of the bi-solute mixture system since the primary solute is 

infinite dilute. ln Kw/ads(𝛹) thus can be expanded as  

 ln K𝑤/𝑎𝑑𝑠(𝛹) = ln
𝐶1

𝑞1
= (𝑒′ + 𝑒(𝛹))𝑬 + (𝑠′ + 𝑠(𝛹))𝑺 + (𝑎′ +

𝑎(𝛹))𝑨 + (𝑏′ + 𝑏(𝛹))𝑩 + (𝑣′ + 𝑣(𝛹))𝑽 + 𝑐′  

(89) 

where the coefficients with primes are constants and the ones with brackets are a function 

of 𝛹. The first term on the right hand side of eq. 88 is also a function of 𝛹. Since it is 

related to single-solute isotherms, it can be expanded as  

 ln
𝐶1

0

𝑞2
0 = (𝑒′′ + 𝑒(𝛹))𝑬 + (𝑠′′ + 𝑠(𝛹))𝑺 + (𝑎′′ + 𝑎(𝛹))𝑨 + (𝑏′′ +

𝑏(𝛹))𝑩 + (𝑣′′ + 𝑣(𝛹))𝑽 + 𝑐′′  

(90) 

where the coefficients with two primes are constants and the ones with brackets are a 

function of 𝛹. According to the previous assumptions in Section 1.3, 𝛾𝑖
∞ is independent 

on 𝛹 and thus is the sole constant in eq. 88. Therefore, the 𝛹 dependent parts in eq. 89 

and eq. 90 must cancel out, which will result in: 
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 ln 𝛾𝑖
∞ = 𝑒𝑬 + 𝑠𝑺 + 𝑎𝑨 + 𝑏𝑩 + 𝑣𝑽 + 𝑐  (91) 

By keeping the same competitor while changing the primary solute, we can obtain a 

group of 𝛾𝑖
∞ values, to which multiple linear regression can be applied to determine the 

coefficients in eq. 91. We will then be able to make prediction based on eq. 91 of the 

infinite activity coefficient of a solute with known solute descriptors.  
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CHAPTER 4  

RESULTS AND DISCUSSION 

4.1 Single-Solute Adsorption  

In Figure 4, the reduced spreading pressures calculated from Eq. 21 are plotted 

for all 8 compounds vs 𝐶𝑖
0. The ones with higher reduced spreading pressures are the 

more strongly adsorbed components. For a pair of two components, the strongly adsorbed 

component tends to be more stable in the adsorbed phase and the other one tends to be 

more stable in the aqueous phase. 79 Comparing Figure 1 and Figure 4, we can find that 

the sequence of these compounds in an ascending order of adsorbed amount is the same 

as the one in an ascending order of reduced spreading pressure at the same equilibrium 

concentration, which is  

NB > 4-CA > 4-NA > 4-CP > 4-NP > 4-MP > Aniline > Phenol 

The more strongly adsorbed component will likely be more competitive than a 

weakly adsorbed component. In a binary-solute adsorption system, the adsorbed amount 

of one solute will be reduced due to the presence of another solute. If we consider the 

condition of infinite dilute solution defined in Section 3.2.1, we can directly address the 

competitive effect of different solutes on a primary solute by comparing the adsorbed 

amounts of the primary solute based on IAST, that is, 𝑞1
𝐼𝐴𝑆𝑇in eq. 74. An example is 

given in Figure 4 using 4-MP as the primary solute, 4-NA and Aniline as the 

competitors. We let the competitors, aniline and 4-NA, have the same concentration 

(𝐶2 ≈ 𝐶2
0 = 2 mM, the vertical blue solid line in Figure 4). 
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Since the curves in Figure 4 are plotted as 𝛹 vs. 𝐶𝑖
0, 𝛹 of the mixtures 4-

MP/aniline and 4-MP/4-NA can be found at the intersections of the vertical blue solid 

line with the curves of aniline and 4-NA respectively (assuming that infinite dilute 4-MP 

does not contribute to 𝛹 of the mixtures). To calculate 𝑞1
𝐼𝐴𝑆𝑇by eq. 74, we also need 𝐶1

0 

values of 4-MP at the same spreading pressure. To obtain this value, we can draw a group 

of lines parallel to X axis at the respective 𝛹 value of aniline and 4-NA, the 

corresponding 𝐶1
0 values of 4-MP can be found at the intersections of the horizontal lines 

with the curve of 4-MP. According to eq. 74, a larger value of  𝐶1
0 results in a smaller  

 

Figure 4. Calculated reduced spreading pressures of 8 aromatic compounds as single 

solutes as a function of equilibrium concentration 
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𝑞1
𝐼𝐴𝑆𝑇 value, suggesting a stronger competitive effect of 4-NA (the difference in 𝑞2

0 is not 

considered since it is much smaller than that in 𝐶1
0). Therefore, 4-NA can reduce the 

adsorbed amount of 4-MP more than aniline. If the same method is applied to all solutes, 

the sequence of these solutes in ascending order of competitive effects is the same as the 

one shown above if IAST is valid. However, the sequence may be affected by nonideal 

behaviors of the primary solute in the presence of a competitor and altered by 𝛾1
∞ , as 

shown in Eq. 73 and discussed more extensively in Section 4.3. 

4.2 Modeling Binary-Solute Adsorption  

4.2.1 Comparison of IAST with SIAST and MSDSL 

Binary adsorption data of 4-MP (primary solute) and aniline (competitor) is 

shown in Table 4 and plotted in Figure 5. Data points in Figure 5 from left to right 

correspond to an increasing amount of 4-MP. The equilibrium concentration of aniline 

decreased from 2.91 mmol/L to 2.62 mmol/L, which is about 10% as mentioned in 

Section 3.1.8. The adsorbed phase mole fraction 𝑧i of each solute is reported for every 

other points, the range of which for the primary solute is about 0.014~0.923 from left to 

right in Figure 5 (red arrow). Thus, the mole fraction of the competitor ranges 

correspondingly from 0.077 to 0.986 in the opposite direction (blue arrow). Single solute 

adsorption data of each solute is also plotted in comparison to bi-solute adsorption data. 

For either solute, it is shown that the adsorbed amount was reduced due to the 

competitive effect of the other solute, while binary adsorption isotherms approached 

those of the single solutes as their fractions approach unit. More competition arose with 
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decreasing adsorbed phase fraction as represented by the increasing deviation of the 

binary adsorption data from the single solute isotherms. 

In Figure 5, as the concentration of 4-MP, the primary component, increases from 

the left to right hand, decreasing amounts of aniline are adsorbed onto MN200 due to the 

competition of 4-MP. When the mole fraction in the adsorbed phase decreases, left to 

right for aniline and the opposite direction for 4-MP, the adsorbed amounts predicted by 

all three models, i.e. IAST, SIAST, MSDSL, increasingly deviate  

from experimental adsorption equilibrium and become more underestimated. IAST tends 

to give better prediction of the more strongly adsorbed component, i.e. 4-MP, while 

SIAST and MSDSL perform better for the weakly adsorbed component, i.e. aniline. 

As can be observed in Figure 5, none of the three predictive models, IAST, 

SIAST and MSDSL, could perfectly predict binary adsorption equilibrium for both the 

primary solute and the competitor at all mole fractions.  

For binary pairs of 4-MP/ phenol, 4-MP/4-CP, and 4-NP/4-CP where ideal 

behavior in the adsorbed phase is expected due to similarity in their molecular structures, 

IAST performs much better than SIAST and MSDSLs as reflected by RMSE within 10% 

(Table 5). Although, for a few pairs with NB involved, SIAST is only slightly worse than 

IAST in general and even better in NB/4-CP system, we conclude the modeling of SIAST 

and MSDSL are worse than that of IAST. One explanation is that SIAST and MSDSL are 

both based on Langmuir types of isotherms. For aqueous phase adsorption onto 

microporous MN200, the adsorption mechanism is more likely pore-filling or multi-layer 

adsorption as oppose to single-layer adsorption (assumption of Langmuir equation).   
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Table 4. Binary adsorption equilibrium data with 4-MP as the primary solute and aniline 

as the competitor and model prediction based on IAST, SIAST, and MSDSL. 

4-MP aniline   

Exp. data IAST SIAST MSDSL Exp. data IAST SIAST MSDSL 

Ce qe qe RE qe RE qe RE Ce qe qe RE qe RE qe RE 

mM mmol

/g 

mmol/

g 

% mmol

/g 

% mmol/

g 

% mM mmol/

g 

mmol

/g 

% mmol/

g 

% mmol/

g 

% 

0.011 0.043 0.028 35 0.026 41 0.014 67 2.91 1.65 1.56 5 1.53 7 1.54 7 

0.021 0.061 0.053 14 0.048 22 0.027 56 2.90 1.60 1.54 4 1.52 6 1.53 5 

0.034 0.13 0.084 35 0.077 41 0.044 66 2.84 1.63 1.50 8 1.48 9 1.51 8 

0.060 0.20 0.14 27 0.13 33 0.077 61 2.85 1.52 1.46 4 1.45 4 1.49 2 

0.10 0.29 0.22 24 0.21 29 0.12 59 2.81 1.48 1.40 6 1.40 5 1.46 2 

0.23 0.52 0.45 13 0.43 17 0.26 49 2.88 1.33 1.26 5 1.31 2 1.41 6 

0.38 0.70 0.66 5 0.63 10 0.41 41 2.90 1.22 1.13 7 1.21 1 1.35 11 

0.50 0.86 0.80 7 0.75 12 0.52 40 2.82 1.19 1.03 13 1.13 5 1.28 8 

0.84 1.10 1.08 2 1.00 8 0.76 31 2.84 1.07 0.88 18 1.03 3 1.18 11 

1.60 1.45 1.50 3 1.37 5 1.17 19 2.78 0.88 0.67 23 0.89 1 1.00 15 

2.97 1.88 1.93 3 1.79 5 1.66 12 2.82 0.78 0.51 34 0.76 2 0.83 7 

5.07 2.26 2.31 2 2.21 2 2.14 5 2.86 0.67 0.39 41 0.64 4 0.67 0 

8.22 2.62 2.67 2 2.62 0 2.59 1 2.72 0.57 0.28 50 0.50 13 0.49 14 

11.56 2.78 2.91 5 2.89 4 2.88 3 2.71 0.47 0.23 50 0.42 11 0.39 16 

18.45 3.07 3.23 5 3.21 5 3.23 5 2.66 0.38 0.17 55 0.31 18 0.28 27 

25.84 3.24 3.44 6 3.41 5 3.43 6 2.62 0.33 0.14 58 0.25 24 0.21 36 

33.39 3.48 3.60 3 3.54 2 3.56 2 2.62 0.29 0.12 61 0.21 29 0.17 43 

RMSE   18  22  42    33  12  17 

Langmuir equation is thus not suitable for modeling adsorption isotherms in this study. 

Another reason for the less accuracy of SIAST and MSDSL is that the adsorption energy 

distribution of adsorption sites on MN200 is more likely continuous. A segregated two-

site model cannot precisely describe the heterogeneity of the solid surface.  
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In general, IAST always gives better prediction for the adsorption equilibrium of 

the strongly adsorbed component, that is, less error for 4-MP than aniline, 4-NP than 4-

MP, 4-NA than aniline, and 4-CA than aniline etc., as reflected in Table 5. 

 

Figure 5. Binary adsorption of 4-MP (the primary solute) 

and aniline (the competitor). 

4.2.2 Comparison of RAST Incorporated with Wilson Equation, NRTL Model, 

and FPM 

To correct for the deviation of IAST from experimental data,  𝛾𝑖
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 was calculated for 

each component based on the method in Section 3.2.1. In Eqs. 66 and 67, if the 𝛾𝑖 values 

were calculated based on experimental data without fitting equations of activity 

coefficients, the results are denoted as RAST- 𝛾𝑖
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. Table 6 shows the errors of fitting 
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necessary for using eq. 63. It can be seen that the quadratic Freundlich equation is able to 

describe well the adsorption isotherms of the primary solutes. As shown in Figure 6 

 𝛾𝑖
𝑒𝑥𝑝

can successfully eliminate the deviation of IAST with RMSE less than 8%. The 

good performance of RAST- 𝛾𝑖
𝑒𝑥𝑝

 can be explained by two possible reasons. First, the 

 𝛾𝑖
𝑒𝑥𝑝

 can be treated as independent on spreading pressure for solute-adsorbate 

equilibrium and thus Eq. 4 can be directly used in RAST instead of Eq. 7. Second, even if 

𝛾𝑖 is dependent on spreading pressure, the last term in Eq. 7 is not significant for the 

adsorption on MN200, though it has a rigorous thermodynamic foundation. 

Table 5. Summary of prediction results of IAST, SIAST and DSL 

  
Adsorption Conditions Root Mean Square Error of adsorbed amount % 

No. 

Primary 

solute 

(P) 

Competitor 

(C) 

No. 

of 

batch 

IAST SIAST DSL 

P C P C P C 

1 4-MP Phenol 16 5 8 12 82 34 95 

2 4-MP Aniline  17 18 33 22 12 42 17 

3 4-MP 4-NP 16 13 8 23 37 39 68 

4 4-MP NB 18 12 10 18 18 27 15 

5 4-MP 4-CA 9 30 23 41 10 51 13 

6 4-MP 4-CP 20 7 6 21 20 10 13 

7 4-MP 4-NA 14 5 7 9 33 43 43 

8 Phenol Aniline  18 18 34 21 33 15 42 

9 Aniline 4-NA 16 28 5 38 16 41 6 

10 Aniline 4-CA 12 26 5 33 7 26 6 

11 NB Aniline 12 13 21 15 24 20 17 

12 NB 4-NA 14 6 4 6 9 18 16 

13 NB 4-NP 14 24 28 23 25 26 16 

14 NB 4-CA 14 24 19 38 15 40 17 

15 NB 4-CP 14 23 25 20 4 13 23 

16 4-NP 4-CP  16 4 8 9 15 42 45 

17 4-CP 4-CA 16 14 17 13 12 39 25 
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The activity coefficients calculated above were then fitted into three models, 

Wilson equation, NRTL, and an empirical four-parameter model (FPM) (Table 7, and  

 Figure 7). Generally, Wilson and NRTL have very similar fitting results while FPM fits 

the experimental activity coefficients better. 

However, before we conclude that FPM is better than Wilson and NRTL models, 

we should test the ability of RAST combined with Wilson, NRTL, or FPM to predict 

adsorption equilibrium at different adsorption conditions. For this purpose, for each 

modeling set in Table 5, one additional set of new bi-solute adsorption data, switching 

the primary solute with the competitor, referred to as the test set hereafter, was collected 

and then compared to the predictions by RAST-NRTL, RAST-Wilson, and RAST-FPM 

using the parameters determined based on the previous data. At the same 𝑧𝑖 of a solute, 

the modeling set and the corresponding test set have different total adsorption loadings 

and spreading pressures. 
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Table 6.  Fitting results of the isotherms of primary solutes in binary  

mixtures and prediction results of qe by RAST- 𝛾𝑖
𝑒𝑥𝑝

 

  Adsorption Condition RMSE of adsorbed amount (%) 

No. in 

Table 5 
Primary solute Competitor (Cini) No. of batch 

Fitting results of  

𝑞1(𝐶1, 𝐶2
𝑐𝑜𝑛𝑠𝑡)  

Prediction of qe by RAST- 𝛾𝑖
𝑒𝑥𝑝

 

primary competitor 

1 4-MP Phenol (1mM) 16 / / / 

2 4-MP Aniline (1mM) 17 8 5 5 

3 4-MP 4-NP (1mM) 16 3 3 3 

4 4-MP NB (1mM) 18 6 4 4 

5 4-MP 4-CA (1mM) 9 9 3 3 

6 4-MP 4-CP (1mM) 20 / / / 

7 4-MP 4-NA (0.5mM) 14 / / / 

8 Phenol Aniline (1mM) 18 4 2 2 

9 Aniline 4-NA (1mM) 16 10 8 8 

10 Aniline 4-CA (0.5mM) 12 5 4 4 

11 NB Aniline (1.75mM) 12 5 4 6 

12 NB 4-NA(1mM) 14 / / / 

13 NB 4-NP(0.5mM) 14 3 2 2 

14 NB 4-CA(0.5mM) 14 7 5 5 

15 NB 4-CP(0.5mM) 14 3 2 2 

16 4-NP 4-CP (1mM) 16 / / / 

17 4-CP 4-CA(0.5mM) 14 4 4 4 

Note: Binary adsorptions, No. 1, 6, 7, 12, and 16, are approximately ideal adsorbed mixtures since IAST predicts the adsorbed 

amounts with RMSEs less than 10% (Table 5) for both solutes. Thus, adsorbed phase activity coefficients were not calculated and 

RAST was not applied.
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Figure 6. Plots of binary adsorption data in Table 6 and prediction results 

by IAST and RAST- 𝛾𝑖
𝑒𝑥𝑝
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Figure 7. Experimental activity coefficients fitted 

by Wilson, NRTL and FPM equations.  
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Predictions of the test sets by RAST with NRTL, Wilson and FPM are plotted in 

Figure 8, whose RMSEs are shown in Table 8. As reflected by smaller RMSEs, RAST-

FPM performs better than RAST with Wilson or NRTL in most cases. RAST-FPM can 

reduce RMSEs to less than 10% when aniline was not involved. This suggests that (1) 

when  𝛾𝑖
𝑒𝑥𝑝

 values are well fitted, RAST can accurately predict adsorbed amounts; (2) 

treating 𝛾𝑖 as independent on 𝛹 will not result in significant errors; and (3) binary 

adsorption systems with constant initial concentrations of the competitor, the method 

developed in this work, are better than those with constant ratios of initial concentrations 

used by Erto et al.8 and Jadhav et al.21 where varying concentration ratios of solutes were 

employed.  

Nevertheless, when aniline was involved in the adsorbed mixture, the predicted 

adsorbed amount of aniline deviates significantly from the experimental data in the low 

concentration region as show in Figure 8 (D) and (F), though activity coefficients were 

well fitted. Considering that the only difference between the modeling set and the test set 

is spreading pressure, we believe it is the spreading pressure dependency of 𝛾𝑖 that caused 

the less accurate prediction of RAST. This is most likely due to the heterogeneity of 

adsorption sites that is involved in the adsorption of aniline onto MN200. As discussed 

by Nguyen et al.80 and Pan et al.,69 the adsorbed aniline onto microporous sorbents 

resembles its pure liquid state at room temperature, and therefore, can access some 

occlusions inside the adsorbents that are not accessible to other solutes that are solids at 

room temperature (see their melting point in Table 2). As 𝛹 of the binary-solute 

adsorption system changes, the predicted 𝑞1
𝐼𝐴𝑆𝑇 will change accordingly, but a part of the 

real adsorbed amount for aniline is not affected by competition. The overall result is that 
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𝛾𝑖 becomes dependent on 𝛹 for aniline. NB is also a liquid at room temperature as 

aniline, although with a higher melting point. The observation that its test sets were well 

predicted by RAST suggests that its 𝛾𝑖 is less likely dependent on 𝛹. Future research is 

thus needed to elucidate the likely mechanism(s). 
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Table 7.  Fitting results of 𝜸𝒊 by NRTL model, Wilson equation, and FPM 

 

Table 8. Prediction of the test sets by RAST with NRTL model,  

Wilson equation, and FPM 

 

 

  

  Adsorption Condition RMSE of 𝜸𝒊  (%) 

No. in 

Table 5 

Primary 

solute 
Competitor 

No. of Data 

Points 

NRTL 

 

Wilson 

 

FPM 

 

2 4-MP Aniline  20 12 13 4 

3 4-MP 4-NP 16 9 9 3 

4 4-MP NB 18 5 5 5 

5 4-MP 4-CA 9 5 11 5 

8 Phenol Aniline  18 5 7 5 

9 Aniline 4-NA 16 10 13 11 

10 Aniline 4-CA 12 12 12 4 

11 NB Aniline 12 10 10 2 

13 NB 4-NP 14 9 9 7 

14 NB 4-CA 14 4 5 4 

15 NB 4-CP 14 4 4 2 

17 4-CP 4-CA 14 5 7 3 

  Adsorption Condition RMSE of predicted 𝒒𝒆  (%) 

Corresponding to 

(Table 6)  

Primary 

solute (P) 
Competitor (C) 

No. of Data 

Points 

NRTL Wilson FPM 

 P C P  C  P C 

2 Aniline 4-MP 20 17 3 19 4 16 7 

3 4-NP 4-MP 20 16 7 15 7 10 11 

4 NB 4-MP 11 5 6 5 6 5 6 

8 Aniline Phenol 16 9 9 8 7 10 11 

9 4-NA Aniline 12 12 4 9 8 5 9 

10 4-CA Aniline 18 12 12 12 12 5 6 

11 Aniline NB 12 21 9 21 9 17 6 

13 4-NP NB 16 5 8 5 7 5 5 

14 4-CA NB 14 11 11 12 11 6 5 

15 4-CP NB 14 9 4 9 5 6 6 
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Figure 8. Comparison of experimental data of the test sets with prediction 

by RAST-Wilson, RAST-NRTL, RAST-FPM, and IAST 
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4.3 Adsorbate-Adsorbate Interactions and pp-LFER 

Since the prediction of IAST for a solute increasingly deviates from experimental 

data as the mole fraction of the solute approaches zero, we extrapolated the nonideality to 

the infinite dilute condition to more conveniently discuss nonideality of the adsorbed 

mixtures.  𝛾𝑖
∞ was calculated from NRTL, Wilson, and FPM models with the same 

parameters determined previously (letting 𝑧𝑖  be zero) (Table 9). It is directly shown in 

Eq. 75 that an underestimated adsorbed amount by IAST will result in  𝛾𝑖
∞ less than unit.  

Table 9. Infinite dilution activity coefficients calculated from NRTL model, Wilson 

equation, and FPM by letting 𝑧𝑖  be zero for each solute 

Solutes 
  

 𝛾𝑖
∞  

  

  A B   
NRTL Wilson FPM 

 A B  A B  A B 

1 4-MP Phenol    / / / / / / 

2 4-MP Aniline    0.64 0.27 0.60 0.31 0.69 0.32 

3 4-MP 4-NP    0.56 0.8 0.57 0.73 0.62 0.86 

4 4-MP NB    0.67 0.64 0.67 0.64 0.68 0.64 

5 4-MP 4-CA    0.49 0.4 0.52 0.62 0.52 0.44 

6 4-MP 4-CP    / / / / / / 

7 4-MP 4-NA    0.66 0.65 0.76 0.65 0.82 0.65 

8 Phenol Aniline    0.71 0.29 0.62 0.35 0.66 0.31 

9 Aniline 4-NA    0.20 0.68 0.28 0.59 0.26 0.72 

10 Aniline 4-CA    0.63 0.69 0.63 0.69 0.63 0.9 

11 NB Aniline   0.61 0.6 0.62 0.59 0.65 0.56 

12 NB 4-NA   / / / / / / 

13 NB 4-NP   0.40 0.44 0.39 0.42 0.44 0.43 

14 NB 4-CA   0.56 0.38 0.61 0.53 0.59 0.51 

15 NB 4-CP   0.54 0.37 0.54 0.37 0.55 0.39 

16 4-NP 4-CP   / / / / / / 

17 4-CP 4-CA   0.70 0.22 0.62 0.35 0.66 0.25 

The smaller the 𝛾𝑖
∞, the more nonideal the solute is in the mixture. Table 9 shows 

that all  𝛾𝑖
∞values are no larger than one for all solutes. This was noted as negative 
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deviation from Rauolt’s law and reported frequently in the literature for both gas phase 

adsorption and multi-solute adsorption.8, 20, 22, 48 For solutes within the same chemical 

family, they tend to behave ideally in the adsorbed phase, for example, 4-MP/phenol, 4-

MP/4-CP, and 4-NP/4-CP, though they have very different single-solute adsorption 

isotherms. However, for aniline/phenol, although they have very similar single-solute 

isotherms, their adsorbed phase mixture is nonideal. For aniline/4-MP, since the two 

solutes have very different single solute adsorption isotherms, they behave not 

surprisingly nonideally in the mixture. This is also true if we refer to other strongly 

nonideal mixtures such as 4-CP/4-CA and 4-MP/4-CA. These compounds are in solid 

states at room temperature so that the possible additional adsorption sites accessible to 

aniline are not available for them. Therefore, it strongly suggests that nonideality should 

not be interpreted solely based on the difference in single-solute isotherms or 

heterogeneity of the sorbent, but rather be attributed to possible intermolecular 

interactions among the adsorbed molecules.27  

As shown in Table 10, the adsorbed mixtures of NB, a π-electron deficient solute, 

with either aniline or 4-MP, both π -electron sufficient solutes, are nonideal. To 

demonstrate whether π- π EDA is the interaction causing the nonideality of the adsorbed 

mixtures, 4-NP and 4-NA, two π -electron deficient solutes, were mixed with NB. 4-NA 

and NB tend to form an ideal mixture in the adsorbed phase (𝛾𝑖
∞ = 0.9) while nonideality 

is encountered in the 4-NP/NB mixture, as reflected by a  𝛾𝑖
∞ of 0.43. Given the 

comparable E and S values for 4-NA and 4-NP (Table 10), 4-NA and 4-NP should be 

similar in terms of their ability to undergo π- π EDA with NB. The observed different 𝛾𝑖
∞ 

values are thus most likely associated with the strong H-bond donating ability of 4-NP 



58 

 

 

(large A value of 0.82 in Table 10). 4-NA is less likely to be involved in H-bonding 

(small A value of 0.42) with NB and thus behaves ideally in the adsorbed phase.  

Table 10. Infinite dilution activity coefficients calculated based on FPM as shown in 

Table 9 and solute Ambraham descriptors 

Infinite dilute 

primary solute 
competitor 

 𝛾𝑖
∞ of the primary 

solute 

solute descriptors of the primary solute69 

E S A B V 

Phenol 4-MP 0.90b 0.81 0.89 0.6 0.3 0.775 

Aniline 4-MP 0.32 0.96 0.96 0.26 0.41 0.816 

4-CP 4-MP 0.90b 0.92 1.08 0.67 0.2 0.898 

4-NP 4-MP 0.86 1.07 1.72 0.82 0.26 0.949 

4-NA 4-MP 0.65 1.22 1.91 0.42 0.38 0.991 

4-CA 4-MP 0.44 1.06 1.13 0.3 0.31 0.939 

NB 4-MP 0.64 0.87 1.11 0 0.28 0.891 

(4-MP)a 4-MP 1.00a 0.82 0.87 0.57 0.31 0.916 

Phenol NB 0.38 0.81 0.89 0.6 0.3 0.775 

Aniline NB 0.56 0.96 0.96 0.26 0.41 0.816 

4-CP NB 0.39 0.92 1.08 0.67 0.2 0.898 

4-MP NB 0.68 0.82 0.87 0.57 0.31 0.916 

4-NP NB 0.43 1.07 1.72 0.82 0.26 0.949 

4-NA NB 0.90b 1.22 1.91 0.42 0.38 0.991 

4-CA NB 0.51 1.06 1.13 0.3 0.31 0.939 

(NB)a NB 1.00a 0.87 1.11 0 0.28 0.891 

Note: a Hypothetical primary solute, which means that the primary solute and the 

competitor are the same compound and thus the binary systems are perfectly ideal. b  𝛾𝑖
∞ 

is assume to be 0.90 for approximately ideal adsorbed mixtures as shown in Table 6 that 

can be predicted by IAST with RMSE less than 10% and were thus not further predicted 

by RAST.  

For the purpose of quantitatively predicting nonideality of adsorbed mixtures, pp-

LFER was applied to correlating  𝛾𝑖
∞ with physical-chemical properties of the solutes, i.e. 

the solute descriptors in Table 10. Two binary-solute series were chosen: varying infinite 
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dilute primary solutes with either 4-MP or NB as the fixed competitor. By multiple linear 

regression, the best obtained regressions based on the lowest Mallow’s Cp values are: 

 ln  𝛾𝑖
∞,4−𝑀𝑃 = (−4.166 ± 1.217)𝑬 + (0.923 ± 0.4671)𝑺 + (0.7018 ±

0.3169)𝑨 + (2.686 ± 1.646)𝑽 − 0.22 (𝑅𝑎𝑑𝑗
2 = 0.741) 

(92) 

 ln  𝛾𝑖
∞,𝑁𝐵 = (−3.322 ± 1.101)𝑬 + (0.8507 ± 0.3839)𝑺 + (−0.9699 ±

0.2778)𝑨 + (2.997 ± 1.253)𝑩 + (4.007 ± 1.890)𝑽 − 2.45  (𝑅𝑎𝑑𝑗
2 = 0.812) 

(93) 

Since  𝛾𝑖
∞ is less than unit, and correspondingly ln 𝛾𝑖

∞ is negative for nonideal behavior 

of an adsorbate, the negative product of one solute descriptor with its coefficient in eqs. 

92 and 93 means the term will increase nonideality as an additional interaction. For the 

series with 4-MP as the fixed competitor (eq. 92), the best regression was obtained with 

E, S, A, and V. It seems that H-bonding accepting ability A is not statistically significant. 

E is the only descriptor with a negative coefficient, which implies the nonideality is more 

related to induced-dipole related interactions. For the series with NB as the fixed 

competitor (eq. 93), all solute descriptors are involved while both E and A contribute to 

the nonideality. From the point view of thermodynamics, ln 𝛾𝑖 is related to partial molar 

excess Gibbs free energy. Thus, eq. 91 can also be viewed as a regression on excess 

Gibbs free energy. The application of pp-LFER in this work can be viewed as an 

empirical rather than theoretical approach. A more rigorous interpretation with a much 

larger number of compounds involved in developing pp-LFERs is warranted for a 

thorough understanding of the interaction forces contributing to the nonideality of 

adsorbed mixtures. 



60 

 

 

The calculated  𝛾𝑖
∞ values based on eq. 92 and eq. 93 are plotted in Figure 9 vs. 

exp.  𝛾𝑖
∞. The good regression results as reflected by 𝑅𝑎𝑑𝑗

2  and in Figure 9 suggest that 

pp-LFER is a promising method to predict adsorbed phase activity coefficients, although 

the linear relationships were developed involving only 8 compounds in this work and are 

not robust enough yet. To the best of our knowledge, this is the first time that pp-LFER 

was applied to interpreting and predicting adsorbed phase activity coefficients.  

 

Figure 9. Compare calculated  𝛾𝑖
∞ based on linear relationships  

with  𝛾𝑖
∞ obtained experimentally. The dashed lines represent 10% errors of 

 𝛾𝑖
∞ prediction which will result in about 9~11% error in the predicted adsorbed amount 

according to Eq. 73 

The  𝛾𝑖
∞ values of the primary solutes, once obtained from the linear relationships, 

can be used to calculate the parameters in activity coefficient models. For Wilson 

equation (eqs. 77 and 78), it was assumed that  𝛾2
∞ of the competitor is the same as  𝛾1
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the primary solute and then the two parameters, 𝛬12 and 𝛬21, can be calculated from eqs. 

94 and 95 which were derived from eq. 77 and 78 by letting either 𝑧1 or 𝑧2 be zero. 

 ln  𝛾1
∞ = 1 − ln𝛬12 − 𝛬21 (94) 

 ln  𝛾2
∞ = 1 − ln𝛬21 − 𝛬12 (95) 

By incorporating the values of 𝛬12 and 𝛬21into eqs. 77 and 78, RAST-Wilson can be 

applied to estimating bi-solute adsorption capacities. 

For FPM (eqs. 85-86), we proposed to treat 𝛽1 and 𝛽2 as 2 as the original 

Margules equations while letting 𝐴1 be (− ln  𝛾1
∞) for the primary solute (𝑧2=1 in eq 85) 

and 𝐴2 be zero for the competitor (assuming ideal behavior for the competitor since 𝑧1 is 

close to 0 in eq. 86).  

 

Figure 10. Prediction errors of the adsorbed amounts of aniline in the presence of 

4-MP (test set) using 𝛾𝑖 extrapolated from 𝛾𝑖
∞. 
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By changing the 𝑧𝑖 values, the non-infinite activity coefficients at different mole 

fractions were then calculated and incorporated in RAST by implementing the iteration 

process shown in Figure 3. As shown in Figure 10, errors for the predicted amount of 

aniline adsorbed in the presence of 4-MP, based on either RAST-Wilson or RAST-FPM, 

were generally less than 10% for all fractions of aniline. Much larger errors, particularly 

at lower mole fractions, are observed when only IAST was applied for the prediction 

purposes. 

4.4 Tri- and Tetra-Solute Adsorption of Aniline, Phenol, and 4-MP in the 

Presence of a High Concentration of Nitrobenzene 

As shown in Figure 11a, the adsorption isotherm of aniline in the presence of a 

large amount of NB (aniline @ NB) overlaps with its adsorption isotherms when an equal 

amount of phenol or 4-MP was also in present. Even for the tetra-solute mixture 

containing an equal amount of aniline, phenol, and 4-MP and a large amount of NB, the 

adsorption isotherm of aniline is unaffected. This demonstrates that in the presence of a 

dominant contaminant such as NB, the competitive effects on aniline have come solely 

from NB, and there is negligible interaction among the dilute solutes. Similar behaviors 

of 4-MP were observed in the same adsorption systems as mentioned above (Figure 

11b), i.e., the adsorption isotherms of 4-MP in the bi-, tri-, and tetra-solute adsorption 

systems overlap with each other which indicates negligible interactions among the dilute 

solutes. 

The adsorbed amounts of NB are close to the values predicted by IAST and are 

not shown here (around 2.45 mmol/g). The adsorbed phase mole fraction of aniline or 4-
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MP is from 0.01 to 0.1 from the left to right. The predicted adsorbed amounts of aniline 

based on RAST-FPM obviously deviate from the experimental data while the prediction 

for 4-MP by RAST-FRP agrees with the experimental data for all mixtures. As the 

fraction of aniline decreases, the error in its predicted adsorbed amounts increases. The 

calculated 𝛾𝑖 for aniline based on eq. 75 approaches zero as 𝑧𝑖 keeps decreasing, which 

cannot be described by any known activity coefficient models. This means that our 

proposed method has its limitation in the extremely small 𝑧𝑖 value region for aniline. This 

might be associated with the same reason as discussed on page 42. For all other solutes, 

just like 4-MP, because of the accurate modeling for bi-solute mixtures, similar small 

errors are expected when predicting their adsorbed amounts in tri- and tetra-solute 

mixtures.  

Although the fundamental mechanism of nonideality is still not fully addressed, 

our tri- and tetra-solute adsorption data showed that the predominating solute, NB in this 

case, solely contributed to the competitive effect while the dilutes solutes tend not to 

interact with each other. This indicates that for each solute, the competitive effects can be 

independently considered and a multi-component system with n components but only one 

component dominating can be treated as (n-1) bi-solute systems separately. This will 

significantly simplify the calculation for modeling multi-component adsorption while it is 

also close to many real systems where there is one major contaminant or a large amount 

of NOM in present.  
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Figure 11. Tri- and tetra-solute adsorption of aniline, phenol, and 4-MP in the presence 

of a high concentration of nitrobenzene  0.45 mM.  
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CHAPTER 5  

CONCLUSIONS  

In this project, we applied three predictive models, namely IAST, SIAST and 

MSDSL, and an empirical model, RAST, to studying binary-solute adsorption of NB, 

aniline, 4-CA, 4-NA, phenol, 4-MP, 4-NP, and 4-CP onto MN200. Results show that 

IAST incorporated with an empirical quadratic Freundlich equation is better than SIAST 

and MSDSL, both of which rely on the dual-site Langmuir model. To improve the 

accuracy of IAST prediction, adsorbed phase activity coefficients were calculated based 

on experimental data. Three methods of designing binary-solute batch experiments and 

calculating 𝛾𝑖 (and also 𝛾𝑖
∞) were developed and provided in detail. Our work shows that 

𝛾𝑖 can be treated as spreading-pressure independent. The better fitting of FPM, proposed 

in the present work, than Wilson and NRTL models can improve the accuracy of RAST 

prediction. The nonideality of different binary-solute mixtures in the adsorbed phase was 

compared based on 𝛾𝑖. Adsorbate-adsorbate interactions are likely involved.  

When correlating 𝛾𝑖
∞ with solute descriptors based on pp-LFERs, two empirical 

linear relationships were developed for adsorption of infinite dilute solutes in the 

presence of two major contaminants, 4-MP and NB, respectively. Results show that pp-

LFER has a great potential in predicting 𝛾𝑖
∞, which can be extrapolated to non-infinite 

conditions by Wilson equation and FPM with a few assumptions. Overall, our results 

have moved a major step forward in accurately simulating and predicting bi-solute 

adsorption based on single-solute adsorption isotherms.  
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Since accurate equilibrium adsorption data is desirable in predicting breakthrough 

curves for fixed-bed column adsorption,10 the efforts of this work is important for the 

application of column adsorption models in real systems. The bi-solute adsorption 

experiments in this work have covered a wide range of concentrations of simple aromatic 

compounds and concentration ratios. They were successfully simulated while test sets 

were accurately predicted. The infinite condition defined in this work, which has one 

predominating solute with a high concentration, is very common in real wastewater 

streams, for example, from a coking plant.81 Although our tri- and tetra- solute adsorption 

experiments showed some limitation when the aniline had extremely low mole fraction, 

the proposed method of treating n-component systems as n independent bi-solute systems 

is promising in studying mixtures with multiple components. Furthermore, this approach 

has a great potential in studying the competitive effects of the predominating NOM in 

water systems if we treat the NOM as the major competitor.  
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CHAPTER 6  

FUTURE WORK 

For future application, the pp-LFER approach should be further tested with a 

large number of solutes with diverse structures, especially from different chemical 

families. A more rigorous interpretation as well as more direct evidence is in need for the 

relationships between adsorbate-adsorbate interactions and nonideality of the adsorbed 

mixtures. Another limitation of our developed approach is that the competitor has to be 

the same for one series of compounds. This condition may be encountered in wastewaters 

where one particular pollutant dominates while other targeted contaminants can be 

treated as infinite dilute. This is especially the case when dissolved organic matter is the 

dominant component in the water while the concentrations of all contaminants are much 

lower. Therefore, studies should be carried out to develop models for such water 

treatment. Finally, future work should also be carried out to apply the developed 

approaches to adsorption systems with more than four solutes.  
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