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ABSTRACT 

Organic micropollutants (MPs) are difficult to remove from water and wastewater in a cost-

effective and energy efficient manner. In this research, a novel β-cyclodextrin polymer (P-CDP) 

was investigated as a potential adsorbent of MPs and its performance was benchmarked against a 

common coconut-shell based granular activated carbon (CCAC). Adsorption kinetics were 

measured in batch and filtration-type experiments and distribution coefficients were determined 

from affinity experiments that investigated 90 structurally diverse MPs in a complex mixture and 

at environmentally relevant concentrations. The batch kinetic data was used to estimate pseudo 

second-order rate constants (kobs) for 83 of the 90 MPs based on a conventional kinetic model. 

The kobs for 70 of the 83 MPs were orders-of-magnitude greater for P-CDP than CCAC, 

indicating that adsorption equilibrium of P-CDP can be achieved relatively rapidly. However, 

overall batch removal was greater for most MPs on the CCAC, indicating a relatively greater 

adsorption capacity for CCAC. The filtration experiments showed that instant uptake on the P-

CDP was greater than 90% for 31 of the MPs, confirming the potential for rapid MP uptake. 

However, the remaining MPs were only partially removed revealing an apparent selectivity of 

the P-CDP. Therefore, the distribution coefficient (𝐾∞) was determined for each MP in an 

affinity experiment and the data were used to develop a Linear Solvation Energy Relationship 

(LSER). The coefficients of the resulting LSER model suggest that the McGowan volume of a 

particular MP is an important factor influencing adsorption affinity for P-CDP but positive 

charges can also influence the adsorption of MPs when the McGowan volume ranges from 0.87 

to 5.73 (cm3 mol-1/100). Together, data from these experiments provide key insights into the 

mechanisms by which MPs bind to P-CDP and demonstrate that the P-CDP could be a suitable 

alternative to activated carbon with potential applications in water and wastewater treatment. 
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CHAPTER 1: INTRODUCTION 

1.1 Context 

There are more than 84,000 synthetic organic chemicals registered for industrial and consumer 

use in the United States under the Toxic Substances Control Act (TSCA). Decades of 

environmental monitoring have proven that the ultimate fate of many of these chemicals is to the 

aquatic environment.1–3 Of particular concern are the groups of persistent and bioactive 

compounds such as pharmaceuticals, pesticides, personal care products, and flame retardants.4–7 

These types of chemicals are transported to water resources through diffuse runoff from 

agricultural and urban landscapes or through point-source discharges of wastewater and 

stormwater. Though the concentration of these so-called micropollutants (MPs) in water 

resources are at low levels (ng/L to µg/L), emerging data has shown a variety of ecosystem 

effects.3,8,9 There is also emerging concern over human exposure to MPs in municipal drinking 

water.10 

Conventional water and wastewater treatment processes only partially remove most polar and 

semi-polar MPs. Conventional particle removal processes including coagulation, flocculation, 

and sedimentation only remove very nonpolar MPs and most pesticides and pharmaceuticals 

remain partitioned in the aqueous phase.11–15 Granular media filtration can contribute to some 

MP removal when the media is allowed to become bioactive, though removal is incomplete at 

best.16–19 Chemical oxidation and disinfection can transform many MPs, though there is 

emerging concern over the formation of new disinfection byproducts.2,12,20–22 With respect to 

wastewater treatment, activated sludge treatment can at least partially remove some MPs, though 

complete removal is rare and many MPs are completely recalcitrant during conventional 

wastewater treatment.21,23,24 
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Because conventional water and wastewater treatment processes do not remove MPs 

efficiently, a variety of advanced treatment processes have been investigated for their potential to 

remove MPs from water. For example, ozonation and some advanced oxidation processes 

(AOPs) including Fenton catalysis, UV/H2O2, and UV/TiO2 have been demonstrated to be 

effective in the degradation of many MPs.24–28 However, there are well-known disadvantages of 

ozonation and AOPs that lead to some concerns.29 For example, oxidation processes frequently 

result in the formation of MP transformation products (TPs) which can retain biological activity 

and at times be even more toxic than the parent MP.30–32 In addition, oxidation TPs can be more 

resistant to downstream biodegradation and ultimately be more persistent than the parent MP.20 

Besides the formation of oxidation TPs, ozonation and AOPs are relatively expensive processes 

because photo radiation and the generation of ozone are energy intensive and they consume 

chemical reagents including catalysts and oxidizers.24,33 Another emerging alternative is 

membrane filtration including nanofiltration (NF) and reverse osmosis (RO), which has recently 

been demonstrated to be an effective barrier for most MPs due to the high efficiency afforded by 

the mechanism of size exclusion.34,35 However, removal by NF and RO favors uncharged MPs, a 

small constituent of MPs, and does not remove charged MPs efficiently. Further, the operation of 

NF and RO are also energy intensive and requires significant maintenance costs due to fouling 

and upkeep of the NF and RO membrane.36–38 Clearly, more cost effective and efficient means 

for MP removal from water are needed. 

Adsorption processes are often considered to be a more cost-effective and less energy-

intensive means for the removal of MPs from water, though conventional activated carbon (AC) 

adsorption is not without its own drawbacks. AC is currently the most widespread adsorbent 

used to remove organic chemicals during water and wastewater treatment.6,16,17,19,39–41 AC is 
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inexpensive and widely available throughout the world. Its efficacy derives from its high surface 

area, hydrophobic surfaces, and high microporosity that enable binding with organic molecules 

primarily through hydrophobic interactions. However, there are several aspects of AC that limit 

its utility in removing trace MPs from water. First, the adsorption kinetics on AC are relatively 

slow due to the diffusion controlled transport in the AC pores. This property results in the long 

time (on the orders of days to weeks) for AC to reach adsorption equilibrium with trace MPs.6,19 

Second, adsorption by AC is nonselective, and as such background natural organic matter 

(NOM) generally present in natural waters can also be adsorbed which will reduce the adsorption 

capacity of the AC for MPs.18 Third, many relatively hydrophilic MPs and positively charged 

MPs (at neutral pH) cannot be effectively removed by GAC. Finally, the regeneration of spent 

activated carbon requires incineration at high temperatures and does not fully restore adsorption 

performance.42 New adsorbents that address these deficiencies of ACs could lead to more 

efficient removal of MPs from water and wastewater. 

The research in this thesis explores a novel porous β-cyclodextrin (β-CD) containing polymer 

(P-CDP) recently discovered at Cornell University.7 The structural information of β-CD and P-

CDP can be found in Table 1. The P-CDP was previously demonstrated to outperform Norit 

activated carbon (one of the best commercially available activated carbon materials) for the 

removal of several model MPs and other organic molecules. Results from these initial studies of 

the new P-CDP are promising, however much more data are needed to understand the potential 

of this material for the removal of complex mixtures of MPs during water or wastewater 

treatment. The objectives of this research were to: (i) characterize the performance of P-CDP for 

the removal of 90 MPs from water at environmentally relevant concentrations; and (ii) 

benchmark its performance against a conventional AC adsorbent. 
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Table 1. Schematic of β-CD monomer, P-CDP network, and photograph showing particle morphology. 

A. β-CD Monomer B. P-CDP: Networks C. P-CDP: Morphology 
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1.2 Research questions 

The experiments, data analysis, and modelling work described in this thesis were aimed at 

improving the fundamental understanding of MP adsorption on the P-CDP at environmentally 

relevant concentrations. A series of experiments were designed to investigate the adsorption 

kinetics and affinity of 90 MPs to both P-CDP and a commercially available AC to address the 

following research questions: 

1. What is the relative uptake of each MP on P-CDP or CCAC in batch adsorption 

contactors? 

2. What is the relative uptake of each MP on P-CDP or CCAC in filtration-type reactors? 

3. What physicochemical properties determine the uptake affinity of MPs on P-CDP? 
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CHAPTER 2: THE BATCH KINETICS, INSTANTANEOUS UPTAKE, 

AND SELECTIVITY OF A NOVEL β-CYCLODEXTRIN POLYMER FOR 

THE REMOVAL OF MICROPOLLUTANTS FROM AQUEOUS 

SOLUTION 

2.1 Abstract 

Organic micropollutants (MPs) are difficult to remove from water and wastewater in a cost-

effective and energy efficient manner. In this research, a novel β-cyclodextrin polymer (P-CDP) 

was investigated as a potential adsorbent of MPs and its performance was benchmarked against a 

common coconut-shell based granular activated carbon (CCAC). Adsorption kinetics were 

measured in batch and filtration-type experiments and distribution coefficients were determined 

from affinity experiments that investigated 90 structurally diverse MPs in a complex mixture and 

at environmentally relevant concentrations. The batch kinetic data was used to estimate pseudo 

second-order rate constants (kobs) for 83 of the 90 MPs based on a conventional kinetic model. 

The kobs for 70 of the 83 MPs were orders-of-magnitude greater for P-CDP than CCAC, 

indicating that adsorption equilibrium of P-CDP can be achieved relatively rapidly. However, 

overall batch removal was greater for most MPs on the CCAC, indicating a relatively greater 

adsorption capacity for CCAC. The filtration experiments showed that instant uptake on the P-

CDP was greater than 90% for 31 of the MPs, confirming the potential for rapid MP uptake. 

However, the remaining MPs were only partially removed revealing an apparent selectivity of 

the P-CDP. Therefore, the distribution coefficient (𝐾∞) was determined for each MP in an 

affinity experiment and the data were used to develop a Linear Solvation Energy Relationship 

(LSER). The coefficients of the resulting LSER model suggest that the McGowan volume of a 
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particular MP is an important factor influencing adsorption affinity for P-CDP but positive 

charges can also influence the adsorption of MPs when the McGowan volume ranges from 0.87 

to 5.73 (cm3 mol-1/100). Together, data from these experiments provide key insights into the 

mechanisms by which MPs bind to the P-CDP and demonstrate that the P-CDP could be a 

suitable alternative to activated carbon with potential applications in water and wastewater 

treatment. 

  



8 

2.2 Introduction   

The poor removal of some trace organic chemicals (i.e., micropollutants, MPs) during 

conventional drinking water and wastewater treatment has raised concerns about potential 

adverse effects on aquatic ecosystems and human health.3,8–10,14,15,21,23,24 Of particular concern 

are the groups of persistent and bioactive compounds such as pharmaceuticals, pesticides, 

personal care products, and flame retardants4–7 which can have effects on sensitive aquatic 

organisms even at low levels (ng/L to µg/L). For example, it has been observed that endocrine-

disrupting compounds (EDCs) including atrazine, estrone, and testosterone can cause intersex, 

reproductive complications, and feminization of males among fish and mussel populations.43,44 

Additionally, human exposure to MPs is expected to occur through drinking water derived from 

sources that are impacted by wastewater discharges due to the persistence of MPs in 

conventional drinking water treatment. Also, MPs such as EDCs even at trace levels can pose 

potential risks to public health.45 Therefore, the release of MPs into surface waters should be 

reduced.  

To upgrade conventional wastewater treatment plants for the removal of MPs, numerous 

studies investigating advanced techniques have been conducted. Currently, some tertiary 

treatment processes have been demonstrated to be effective for the removal of MPs including 

ozonation and advanced oxidation processes (AOPs),24–28 nanofiltration (NF) and reverse 

osmosis (RO),34,35 and activated carbon adsorption.6,19,21,46 Among these techniques, adsorption 

onto activated carbon (AC) has been identified as one of the best options in terms of MP removal 

without the formation of byproducts along with treatment efficiency and cost.21  

AC is the most widespread adsorbent used to remove organic chemicals during water and 

wastewater treatment and also presents the potential to remove MPs.6,16,17,19,39–41 The efficacy of 
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AC derives from its high surface area, hydrophobic surfaces, and high microporosity that enables 

binding with organic molecules primarily through hydrophobic interactions. In previous studies, 

it has been demonstrated that a broad spectrum of MPs can be removed efficiently with 

powdered activated carbon (PAC) in batch adsorption contactor processes followed by 

ultrafiltration (UF).21 PAC-UF treatment was also suggested as the most suitable option for 

sensitive receiving waters due to the great reduction of effluent toxicity.21,47 As another 

important application of AC, granular activated carbon (GAC) packed column filtration has been 

demonstrated to have potential for the control of MPs and has been applied in some water and 

wastewater treatment plants.19 However, there are several aspects of AC that limit its utility in 

removing trace MPs from water. First, the adsorption kinetics of AC are relatively slow due to 

the diffusion controlled transport in the AC pores. This property results in the long time (on the 

orders of days to weeks) for AC to reach adsorption equilibrium with trace MPs.6,19 Second, 

adsorption by AC is nonselective, and, as such, background natural organic matter (NOM) 

generally present in water can also be adsorbed which will reduce the adsorption capacity of the 

AC and the kinetics of MP uptake through direct-site-competition and pore-blockage 

mechanisms.18 Third, many relatively hydrophilic MPs and positively charged MPs (at neutral 

pH) cannot be effectively removed by GAC.48–50 Finally, the regeneration of spent activated 

carbon requires incineration at high temperatures and does not fully restore performance.42  

As a consequence of these deficiencies of ACs, some recent studies have explored the 

optimization of conventional AC treatment processes or alternative adsorbents for MP removal. 

For example, Bonvin et al.46 demonstrated that the faster kinetics of super-fine PAC (SPAC), as 

compared with regular-sized PAC, can reduce the necessary contact time and contact tank size as 

well as the dosing requirements for specific targeted MP removal in PAC-UF treatment. 
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However, fouling problems caused by natural organic matter (NOM) were found to be worse for 

SPAC than PAC. Rossner et al.6 compared the effectiveness of three alternative adsorbents, 

including a carbonaceous resin and two high-silica zeolites, with a coconut-shell based GAC 

(CCAC). Low cost adsorbents such as fruit wastes, sawdust and other wood type materials, rice 

husks, petroleum wastes, fertilizer wastes, chitosan and seafood processing wastes, clays, 

sediment and soil, and ore minerals were also investigated to assess their capabilities in the 

removal of MPs.51 Though these alternative adsorbents showed removal for some MPs, none of 

them can compete with AC when it comes to the removal efficiency and effectiveness.  

β-cyclodextrin (β-CD), is an inexpensive, sustainably produced macrocycle of glucose and 

was demonstrated in previous studies to encapsulate organic molecules within its cavity to form 

stable host-guest complexes.52 As a result, β-CD has been investigated for the design of 

pharmaceutical carriers, chemical stabilizers, and adsorbents.22,53,54 Though the β-CD monomer 

is soluble in water, it can be crosslinked with organic compounds (e.g., epichlorohydrin) to 

generate insoluble polymers without the loss of complex-formation capability. For example, the 

epichlorohydrin crosslinked polymer (EPI-CDP) is a commercially available adsorbent used to 

sequester organic molecules in aqueous solutions with high affinity. Despite the strong affinity 

and binding strength of the EPI-CDP, it generally performs poorly as an adsorbent (slow kinetics 

and low capacity) relative to activated carbon due to its low surface area (<30 m2 g-1).7 

A novel porous β-CD containing polymer (P-CDP), with significantly improved surface area 

(>200 m2 g-1) and high porosity, was recently derived from a nucleophilic aromatic substitution 

of the hydroxyl groups of β-CD by tetrafluoroterephthalonitrile.7 The P-CDP combines the 

binding affinity of β-CD52,54,55 with the high-surface area of activated carbon to produce a broad-

spectrum adsorbent for organic contaminants with superior adsorption kinetics and high capacity. 
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The P-CDP was demonstrated to perform better than Norit AC, which is one of the best 

commercially available activated carbon materials21,46,47,56, with faster uptake kinetics and better 

instantaneous removal for several model organic molecules. Results from these initial studies of 

the new P-CDP are promising, however much more data is needed to understand the potential of 

this material for the removal of MPs during water or wastewater treatment. The objectives of this 

research were to: (i) characterize the performance of P-CDP for the removal of 90 MPs from 

water at environmentally relevant concentrations; and (ii) benchmark its performance against a 

conventional AC adsorbent. To target the objectives and research questions of interest, a set of 

experiments were performed to: (1) benchmark the uptake of each MP on P-CDP against CCAC 

in batch adsorption contactors at environmentally relevant concentrations; (2) benchmark the 

uptake of each MP on P-CDP against CCAC in filtration-type reactors at environmentally 

relevant concentrations; and (3) determine the physicochemical properties which impact the 

uptake affinity of MPs on P-CDP. 
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2.3 Materials and Methods 

2.3.1 Materials 

All experiments were performed with nanopure water produced by a Milli-Q system and at 

neutral pH. A total of 90 MPs were selected based on their environmental relevance,1,4,5,57,58 their 

previous investigation for adsorption onto activated carbon,6,18,19,22,39 and their broad range of 

physicochemical properties including polarity, charge state, and molecular volume. Detailed 

information on each MP can be found in Table A1 located in Appendix A. Stock solutions of 

each chemical were prepared at a concentration of 1 g/L using 100% HPLC-grade methanol with 

the exception of penciclovir which was prepared in Milli-Q water. The stock solutions were used 

to prepare analytical mixes at a concentration of 10 mg/L using Milli-Q water. The analytical 

mix contained all 90 MPs and was used for the kinetics experiments, the instantaneous uptake 

experiments and the affinity experiments. The stock solutions and the analytical mixes were 

stored in a freezer at -20°C and a refrigerator at 4°C, respectively. 

Two adsorbents were investigated in this research: a porous -CD-containing polymer (P-

CDP) synthesized according to a published nucleophilic aromatic substitution method;7 and a 

coconut-shell based GAC (CCAC, AquaCarb 1230C, Westates Carbon, Siemens, Roseville, 

MN). Information about surface area, pore size distribution, and FT-IR spectra for P-CDP and 

CCAC can be found in Appendix B. To increase the similarity in particle size between the P-

CDP and the CCAC and to enhance the adsorption rate of CCAC in batch experiments, the 

CCAC was pulverized with a mortar and pestle until >95% (mass) passed a 74-m sieve (200 

U.S. mesh). The CCAC that remained on the sieve was remixed with the CCAC that passed 

through the sieve to get an unbiased mixture and to prevent any physicochemical differences 
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between the two fractions.6 The P-CDP and the pulverized CCAC were dried under vacuum in a 

desiccator for one week and stored in a refrigerator at 4°C. 

2.3.2 Batch kinetics experiments 

The batch kinetics experiments were performed in 125 ml glass Erlenmeyer flasks with 

magnetic stir bars. For both P-CDP and CCAC, the experiments were conducted at 23°C on a 

multi-position stirrer (VWR) with the stirring rate at 400 revolutions per minute (rpm). The 

adsorbent dose was 10 mg/L and the MPs were spiked to generate an initial concentration of 

each adsorbate of 1 g/L. The doses were chosen according to previous research on the same 

CCAC.6 

To restore the full capacity of the vacuum-dried adsorbents, 10 mg of adsorbent (P-CDP or 

CCAC) was added into a 20 ml amber vial with 10 ml Milli-Q water to yield a 1 g/L suspension 

and then mixed with a vortex mixer (Fisher Scientific) for 30 seconds. The suspension was 

sonicated for 1 minute to break small aggregates and then stirred on a multi-position stirrer for 

30 minutes at 360 rpm. Following this restoration procedure, 98 ml of Milli-Q water, 1 ml of the 

analytical mix (100 g/L), and 1 ml of the adsorbent suspension were added to a flask 

successively. The adsorbent suspension was added after the addition of MPs to simulate the real 

situation in water or wastewater treatment. Samples were collected in 8 mL volumes at 

predetermined sampling times (0, 0.05, 0.17, 0.5, 1, 5, 10, 30, 60, 90, 120 minutes) and filtered 

with a 0.22 m PVDF syringe filter (Restek). Control experiments to account for other MP 

losses were performed in the same condition with no addition of adsorbent and samples were 

collected at 120 minutes. All batch kinetics experiments (including controls) were performed 

with 5 replicates.  
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All samples were analyzed as described below to determine the aqueous phase concentration 

of each MP as a function of time. 

The concentration of MPs on the solid phase was the determined by the following equation: 

𝑞𝑡 =
𝐶0 − 𝐶𝑡

𝐶𝐴
 (1) 

 

where qt (mg g-1) is the amount of a MP adsorbed on the solid phase at any time t; C0 (ng l-1) is 

the average concentration of a MP in the samples of the control experiments; Ct (ng l-1) is the 

concentration of a MP in the liquid phase at any sample time t; and CA (mg l-1) is the 

concentration of adsorbent. The batch kinetics of each adsorbent can then be described with Ho 

and McKay’s pseudo-second-order adsorption model59 in a linearized form as the following 

equation: 

𝑡

𝑞𝑡
=

𝑡

𝑞𝑒
+

1

𝑘𝑜𝑏𝑠𝑞𝑒
2
 (2) 

 

where qe (mg g-1) is the amount of a MP adsorbed on the solid phase at equilibrium; and kobs (g 

mg-1 min-1) is the rate constant of adsorption. Values for kobs were estimated at t=30 minutes for 

all MPs and for both adsorbents. 

The MP removal efficiency was determined by the following equation: 

𝑀𝑃 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
𝐶0 − 𝐶𝑡

𝐶0
× 100 (3) 
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MP Removal was calculated for each of the five replicate experiments at t = 5 minutes and t = 

30 minutes and is reported as the average value plus/minus the standard deviation. 

2.3.3 Instantaneous uptake experiments 

Instantaneous uptake experiments were performed with a 10 ml Luer-Lock tip glass syringe 

and Whatman 0.2 m inorganic syringe filters at 23°C with a constant flow rate of 25 ml/min as 

previously described.7 Briefly, the vacuum-dried adsorbents were prepared in the same way as 

was described for the batch kinetics experiments to generate a restored adsorbent suspension at a 

concentration of 1 g/L. The syringe filters were loaded with adsorbent by passing 0.3 mL of the 

activated suspension through the inorganic syringe filter to form a thin layer of 0.3 mg of 

adsorbent on the filter surface. Following loading of the filters with adsorbent, 8 mL of the 

analytical mix (1 g/L) was pushed through the adsorbent-loaded filter with constant pressure 

over 20 s. Control experiments were performed in the same way with no adsorbent on the filter 

to account for losses through the filter itself. All instantaneous uptake experiments (including 

controls) were conducted in triplicate.  

The filtrates were analyzed as described below to determine the aqueous phase concentration 

of each MP. The instant removal of MPs (in %) was then determined by the following equation: 

𝑀𝑃𝑠 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
𝐶0 − 𝐶𝐼

𝐶0
× 100 (4) 

 

where C0 (ng l-1) is the average concentration of a MP in the samples of control experiments; and 

CI (ng l-1) is the concentration of a MP in the filtrate. MP Removal was calculated for each of the 

three replicate experiments and is reported as the average value plus/minus the standard 

deviation.  
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2.3.4 Affinity experiments 

Affinity experiments were carried out using a P-CDP dose of 100 mg/L and initial 

concentrations of each adsorbate of 1 g/L. The adsorbent and adsorbate doses were selected 

based on the results of the batch kinetics experiments and are expected to yield suitable estimates 

of the distribution coefficient (𝐾∞) for each MP. Experiments were performed in 125 ml glass 

Erlenmeyer flasks with magnetic stir bars at 23°C on a multi-position stirrer (VWR) with the 

stirring rate at 400 rpm.  

In the affinity experiments, the vacuum-dried adsorbents were prepared in the same way as 

was described for the batch kinetics experiments to generate a 10 g/L adsorbent suspension. 

Aliquots of the activated adsorbent suspension were added to flasks containing a fixed volume of 

the analytical mix (100 g/L) and Milli-Q water to generate experimental solutions with initial 

MP concentrations of 1 g/L per compound and a P-CDP dose of 100 mg/L. Experiments were 

mixed for 45 minutes to allow the suspension to reach equilibrium with the MPs. Samples were 

collected in 8 mL volumes at 45 minutes and filtered with a 0.22 m PVDF syringe filter 

(Restek). Control experiments were performed under the same conditions with no addition of 

adsorbent and samples were collected at 45 minutes. Affinity experiments were performed in 5 

replicates.  

The samples were analyzed as described below to determine the equilibrium aqueous phase 

concentration of each MP. The equilibrium concentration of MPs on the solid phase was 

determined by the following equation: 

𝑞𝑒 =
𝐶0 − 𝐶𝑒

𝐶𝐴
 (5) 
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where qe (mg g-1) is the amount of a MP adsorbed on the solid phase at equilibrium; C0 (ng l-1) is 

the average concentration of a MP in the samples of the control experiments; Ce (ng l-1) is the 

average concentration of a MP in the liquid phase at equilibrium; and CA (mg l-1) is the 

concentration of adsorbent. The distribution coefficient 𝐾∞ can then be determined as: 

𝐾∞ =
𝑞𝑒

𝐶𝑒
 (6) 

 

2.3.5 Linear Solvation Energy Relationships 

2.3.5.1 Form of Linear Solvation Energy Relationship model 

A Linear Solvation Energy Relationship (LSER) model has been applied to the resulting 

dataset that described the affinity of a set of MPs to the β-CD polymer in an aqueous solution. 

The form of the LSER60 is:  

log 𝐾
∞

= a𝛼H + b𝛽H + p𝜋H + rR + vV + c (7) 

 

where 𝐾∞ is the distribution coefficient and model response parameter that represents the affinity 

of an organic solute to the adsorbent (P-CDP) at infinite dilution which can be calculated for 

each MP based on the equilibrium condition achieved with 100 mg/L of P-CDP; H is the overall 

or summation solute hydrogen bond acidity; H is the overall or summation solute hydrogen 

bond basicity; H is a combined dipolarity/polarizability descriptor; R is the excess molar 

refraction; V is McGowan’s characteristic volume in units of (cm3 mol-1/100).

2.3.5.2 Selected data set 

The log 𝐾∞ values of 79 MPs were calculated using equation (5) and (6) and are reported in 

Appendix C. However, only 63 MPs had a Ce larger than the respective limit of quantification. A 
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total of 60 were randomly selected out of the 63 MPs for the LSER model training and 

verification. A random subset containing 40 values of 𝐾∞ were used as the training dataset to 

achieve the regression coefficients for the LSER model. Independent of the training data, the 

other 20 values of 𝐾∞ were used as a validation dataset to verify the prediction capability of the 

developed model.  

2.3.5.3 Solvatochromic Descriptors 

The solvatochromic descriptors (H, H, H, R, V) used to describe the properties of each 

individual MP were calculated with the software PaDEL-Descriptor developed by the National 

Singapore University61 through a group contribution approach62. See Appendix C for the 

estimated values of each descriptor. 

2.3.5.4 Multiple linear regression 

Multiple linear regression (MLR) was performed to develop the equation between the 

solvatochromic descriptors and the affinity descriptor 𝐾∞ and to estimate the magnitude of the 

model coefficients. R Studio was used to fit equations and perform the analysis of variance 

(ANOVA). The regression model was evaluated by p-values. A p-value of the F test that was less 

than 0.01 indicates that at least one independent variable in the constructed model is useful in the 

prediction of 𝐾∞ at a 99% significant level. p-values less than 0.1 in ANOVA table indicated that 

the respective coefficients are non-zero at the 90% significant level. The part of the data set that 

can be explained by the parameters selected for this model was represented by the coefficient of 

determination (r2). r2 was also calculated for the validation data set to quantify the goodness-of-

fit of the model predictions. 
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2.3.6 Analytical methods 

Quantification of analytes from batch kinetics, instantaneous uptake, and affinity experiments 

was performed by high-performance liquid chromatography (HPLC) coupled with a quadrupole-

orbitrap mass spectrometer (MS) (QExactive, ThermoFisher Scientific).  

The analytical method was adopted from one previously reported for ultratrace level screening of 

polar and semi-polar organic chemicals63 and involved HPLC-MS and on-line solid phase 

extraction (EQuan Max Plus, ThermoFisher Scientific). Samples were injected at 5 ml volumes 

and were loaded onto an XBridge (Waters) C-18 Intelligent Speed (2.1 mm × 20 mm, particle 

size 5 µm) trap column. Elution from the trap column and onto an XBridge (Waters) C-18 

analytical column (2.1 mm × 50 mm, particle size 3.5 µm) was performed using a gradient pump 

delivering 200 µl min-1 of a water and MeOH mobile phase, each containing 0.1 vol.% formic 

acid. The HPLC-MS was operated with electrospray ionization in positive and negative polarity 

modes. The MS acquired full-scan MS data within a mass-to-charge range of 100–1,000 for each 

sample followed by a data-dependent acquisition of product ion spectra (MS/MS). Analytes were 

quantified from external calibration standards based on the analyte responses by linear least-

squares regression. Limits of quantification for each analyte were determined as the lowest point 

in the external calibration curve at which at least 5 scans were measured across a 

chromatographic peak and the most intense MS/MS product ion was still detected. Exact 

molecular masses, ionization behavior, retention times, and limits of quantification used for the 

detection and quantification of each analyte are provided in Appendix A. 
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2.4 Results 

Of the 90 MPs selected, only 83 of them were amenable to analysis by current analytical 

methods. The following sections describe the major results of the batch kinetics, instantaneous 

uptake, and affinity experiments for these 83 MPs. The raw data from the batch kinetics and 

instantaneous experiments are presented in Appendix D. The data from the affinity experiment 

and the LSER model development can be found in Appendix E. 

2.4.1 Kinetics experiments 

The kinetics of an adsorbent can be of great importance in the evaluation of adsorption 

efficiency, binding mechanism, and selectivity. To benchmark the kinetics of P-CDP against 

CCAC and achieve some insights into the potential of P-CDP in practical applications, two types 

of kinetics experiments have been performed including: (i) batch kinetics experiments; and (ii) 

instantaneous uptake experiments (filtration type). 

2.4.1.1 Batch kinetics experiments 

The purpose of the batch kinetics experiments was to evaluate the time required to reach 

equilibrium for adsorption of individual MPs by each adsorbent when the MPs are present in a 

complex mixture. Previous studies with CCAC and alternative adsorbents such as carbonaceous 

resin and high-silica zeolites show adsorption equilibrium is achieved in days to weeks and 

demonstrated that diffusion controlled transport contributes most to the slow kinetics of these 

adsorbents.6,46,64 Through side-by-side comparisons between the kinetics of P-CDP and CCAC, 

the rate at which each MP reaches equilibrium adsorption on P-CDP and CCAC can be assessed 

and further insights can be gained into the specific adsorption mechanism of P-CDP. In addition, 

the batch kinetics of P-CDP is of great importance when it comes to potential applications. For 
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example, in adsorption followed by ultrafiltration (generally PAC-UF) processes, it has been 

demonstrated that the adsorption kinetics will impact the removal efficiency of MPs and 

treatment costs to great extents; faster kinetics will translate to reduced contact times, reduced 

reactor size, and less adsorbent required for a predetermined level of MP removal.21,46 Further, in 

packed column filtration (generally GAC), it has been demonstrated that adsorption kinetics are 

negatively correlated with the rate of media replacement and the empty bed contact time 

(EBCT). In other words, faster adsorption kinetics can result in the generation of less waste of 

unsaturated adsorbent materials and a smaller reactor sizes or higher flow rates to attain a fixed 

level of MP removal.18,19,65 

The rate at which the adsorption reaches equilibrium was described with the rate constant kobs 

from the linear form of the Ho and McKay model59 and showed that the adsorption kinetics are 

significantly faster for P-CDP than CCAC. The data in Figure 1 summarized the linearity of 4 

representative MPs fitted with the Ho and McKay model. To show the complete story of the 

linearity of the MPs at different removal levels on P-CDP, the pseudo-second order models for 

famotidine (93.1% removed at equilibrium on P-CDP), isoproturon (67.8% removed), diclofenac 

(40.4% removed), and carbamazepine (18.0% removed) are provided in Figure 1. The great 

linearity for the data of these four MPs at different removal levels demonstrates that the 

adsorption kinetics of P-CDP can be described well with the Ho and McKay model. 
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Figure 1. Pseudo-second order model of random representatives for 5-Group MPs onto P-CDP.  
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The estimated values of kobs for each MP derived from the Ho and McKay model for CCAC 

and P-CDP are presented in the first two data columns in Table D1 of Appendix D. The data in 

Figure 2 summarize the distribution of the estimated values of kobs for individual MPs for CCAC 

and P-CDP.  

 

Figure 2. Distribution of 𝑙𝑜𝑔 𝑘𝑜𝑏𝑠 estimated with Ho and McKay model for P-CDP and the CCAC 

The values of kobs from the Ho and McKay model for 70 of the 83 MPs are orders-of-

magnitude larger for P-CDP than CCAC suggesting that the adsorption equilibrium of P-CDP 

can be achieved in a much shorter time. In other words, all available binding sites (i.e., β-CD 

monomers) on P-CDP are instantaneously accessible which is in accordance to the presumed 

complex-formation mechanism of β-CD. However, and very importantly, faster kinetics doesn’t 

necessarily translate into a higher removal level of MPs at the adsorption equilibrium. As such, 



24 

the magnitude of kobs for MPs that have little or no uptake can be misleading. For example, 2,4-D 

is hardly removed by P-CDP, yet the estimated value for kobs is 72.9 g mg-1 min-1. On the other 

hand, 2,4-D is removed fairly well by CCAC and the estimated value for kobs is only 11.0 g mg-1 

min-1. The kobs of 2,4-D is greater for P-CDP, but only because it rapidly reaches an equilibrium 

condition of no removal. Because of this, the kobs for all MPs that are removed less than 5% are 

reported as zero in Figure 2 and Table D1 of Appendix D with the estimated value based on the 

Ho and McKay model given in parentheses. Two MPs were removed to less than 5% for CCAC 

and 12 MPs were removed to less than 5% for P-CDP, as presented in Figure 2. 

To complement the estimated values for kobs and to enable more robust interpretation of 

removal kinetics, the % removal of each MP after 5 minutes and 30 minutes for the CCAC and 

the P-CDP are provided in data columns 3 – 6 in Table D1 of Appendix D. These data provide 

insight into the extent of uptake at 5 minutes (early phase) and at 30 minutes (equilibrium point 

of P-CDP) for each adsorbent. Five groups of removal have been defined into which each MP 

could be binned: group 1 (G1) contains compounds with removal between 80 – 100%; group 2 

(G2) contains compounds with removal between 60 – 80%; group 3 (G3) contains compounds 

with removal between 20 – 60%; group 4 (G4) contains compounds with removal between 5 – 

20%; and group 5 (G5) contains compounds with no removal.  

The data in Figure 3 summarize the batch removal of representative MPs from each of the 

removal groups on the P-CDP. Famotidine, isoproturon, diclofenac, carbamazepine, and 2,4-D 

were randomly selected to represent the removal kinetics of each of the five removal groups 

which indicate that the P-CDP adsorption equilibrium for MPs in all five groups can be reached 

within 10-30 mins, regardless of their final removal, compared to over 4 days for CCAC in this 

research (data not shown).  
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Figure 3. Adsorption kinetics of random representatives for 5-Group MPs onto P-CDP. Error bars 

represent standard deviations of 5 replicates. 

The data presented in Table 2 summarize the distribution of the 83 MPs in each of the five 

defined removal groups after 5 minutes and 30 minutes of contact time for each adsorbent. There 

are two important observations to note with respect to these data. First, 19 MPs attained greater 

than 80% removal (Group 1) in 5 minutes for P-CDP whereas only 3 MPs attained that level of 

removal in 5 minutes for CCAC. This shows that the P-CDP can nearly completely remove some 

MPs from water at rates that exceed the capabilities of CCAC. This observation speaks to an 

apparent affinity or selectivity of the P-CDP towards some types of MPs. Second, the 

distribution of MPs in each removal group did not change much for P-CDP from 5 minutes to 30 

minutes. However, due to slower equilibrium kinetics, the distribution of MPs in each of the 

removal groups skewed strongly towards greater removal after 30 minutes for the CCAC. This 
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observation speaks to the relative capacities of each of the adsorbents. As presented in Appendix 

B, the Brunauer-Emmett-Teller (BET) surface area of CCAC is 1085 m2/g which is about 5 

times larger than that of P-CDP (218 m2/g). Therefore, the available binding sites on CCAC 

should be more than the available binding sites on P-CDP. As a result, MP removal on CCAC is 

slow but non-selective and has a high capacity for MP adsorption. 

Table 2. Distribution of MPs in each of 5 Groups at 5 minutes and 30 minutes for P-CDP and CCAC 

Adsorbent P-CDP CCAC 

Times 5 minutes 30 minutes 5 minutes 30 minutes 

Group 1 19 23 3 38 

Group 2 13 14 13 28 

Group 3 17 16 60 15 

Group 4 23 18 5 0 

Group 5 11 12 2 2 

      

In addition to the faster kinetics and lower capacity, the apparent selectivity of adsorption onto 

P-CDP is particularly interesting. As presented in Appendix D, there are eleven MPs that are not 

effectively removed by CCAC that are removed well by P-CDP: albuterol, amphetamine, 

atenolol, atenolol acid, codeine, hydrocodone, morphine, nadolol, prometon, tramadol, and 

venlafaxine. Interestingly, among these eleven MPs, ten are positively charged at neutral pH. 

Their good removal by P-CDP could be contributed to the unique uptake mechanism. β-CD 

encapsulates compounds to form well-defined host-guest complexes and it has been 

demonstrated in previous studies that the non-bonding electron pairs of the glycosidic oxygen 

bridges are directed toward the inside of the cavity of -CD producing high electronegativity.55 

In contrast, among 23 MPs containing negative charges, the removal of 17 are less than 50 % for 

P-CDP and the removal of 22 are higher for CCAC than for P-CDP at 30 minutes. It should be 

noted that 30 minutes is far from enough time for CCAC to achieve equilibrium which indicates 

that the removal of these 22 MPs could be even higher for CCAC. Considering these results and 
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the electrostatic interactions, it is sensible to generate a hypothesis that the P-CDP favors the 

adsorption of MPs with positive charges and cannot effectively remove some MPs with negative 

charges due to the high electronegativity of the cavity of -CD.  

In sum, compared with CCAC, the P-CDP has faster kinetics, lower capacity and higher 

selectivity for MPs in batch adsorption. Further, the selectivity of P-CDP presented in batch 

kinetics experiments leads to the hypothesis that the P-CDP favors the adsorption of MPs with 

positive charges and cannot effectively remove MPs with negative charges due to the 

electrostatic interactions.  

2.4.1.2 Instantaneous uptake experiments 

The purpose of the instantaneous uptake experiments was to simulate filtration-type treatment 

processes. From the results of batch kinetics experiments, the fact that the adsorption equilibrium 

of P-CDP can be achieved in minutes reveals some potential advantages of P-CDP in the 

application of filtration-type treatment processes including the generation of less waste of 

unsaturated adsorbent materials and smaller reactor sizes or higher flow rates to attain a fixed 

level of MP removal.18,19,65 Further insights can be gained into the potential for P-CDP to be used 

in packed column filtration through side-by-side comparisons between the instantaneous uptake 

of MPs by P-CDP and CCAC. Though a complete breakthrough curve and throughput in bed 

volumes19 can’t be evaluated with this type of simulation, instantaneous experiments can be used 

to predict the performance of P-CDP based on the comparison with CCAC, a common and well 

investigated adsorbent in packed column filtration.18,51,66 

The removal of 83 MPs on P-CDP and CCAC with short contact time was assessed through 

the instantaneous uptake experiments and indicated that the P-CDP can adsorb more MPs to 

greater extents with flow-through conditions (i.e., short contact time) compared with CCAC. The 
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data in Figure 4 summarize the instantaneous removal of the 83 MPs on P-CDP and CCAC. The 

results of instantaneous uptake experiments are also presented columns 7 – 8 in Table D1 in 

Appendix D.  

 

Figure 4. Distribution of instantaneous removal of 83 MPs by P-CDP and CCAC 

As presented in Figure 4, a total of 47 MPs had greater instantaneous uptake on P-CDP than 

on CCAC. Interestingly, 35 MPs had instantaneous removal of greater than 80% on P-CDP (31 

of the MPs were greater than 90%) whereas only 23 MPs were identified in G1 for P-CDP after 5 

minutes. The additional 12 MPs removed over 80% during instantaneous uptake experiments 

were all G2 MPs in batch kinetics experiments indicating that the filtration-type treatment could 

be better than the batch treatment for P-CDP, perhaps due to the complete contact between the 

chemical mixture and the P-CDP in filtration. However, it can also be attributed to the fact that 
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the ratio of P-CDP to the chemical mixture (0.3 mg for 8 ml mixture) during instantaneous 

experiments is about 4 times higher than the ratio of P-CDP to the chemical mixture (1 mg for 

100 mixture) during the kinetics experiments. Considering all binding sites on P-CDP are 

instantaneously available, it is sensible that the removal levels of MPs are improved in filtration-

type experiments. There were also 14 MPs that were removed to less than 10% for P-CDP; all of 

these MPs were previously classified as G4 or G5 MPs in the batch kinetics experiments. In 

contrast, no MPs had instantaneous removal greater than 80% for the CCAC; all MPs were 

removed between 20 – 80% aligning well with the previous classification defined for the batch 

kinetics experiments after 5 minutes of contact time. As previously observed in the results of 

batch kinetic experiments, the instantaneous removal of 83 MPs by P-CDP was distributed over 

a broader range compared with CCAC indicating that the P-CDP is more selective on the 

adsorption of MPs than the CCAC.  
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Figure 5. Distribution of 5 minute batch removal and instantaneous uptake of 83 MPs by P-CDP. 

Compounds with positive charges are marked as red; Compounds with negative charges are marked as 

blue; Compounds with no charge are marked as grey and zwitterions are marked as brown. 

The data in Figure 5 summarize the 5 minute removal in batch and the instantaneous uptake in 

filtration-type experiments. Clearly the removal level of nearly all the MPs are higher for the 

instantaneous uptake than the batch kinetics experiments which could be contributed to the 

complete contact between the chemical mixture and the polymer in filtration or the higher ratio 

of P-CDP to the chemical mixture as stated previously. Further, the positive correlation between 

the 5 minute batch removal and the instantaneous uptake of MPs on P-CDP indicates that the 

removal level of each MP in filtration aligns well with the removal of the respective MP in batch. 

For example, from the clusters of red points on the top-right area and blue points on the bottom-

left area of Figure 5, it can be confirmed that the positively charged MPs were removed 

effectively and the negatively charged MPs were not removed well by P-CDP both in batch and 

filtration-type experiments. It should be noted, however, that several negatively charged MPs are 
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removed to an intermediate level, which indicates that there are some other important 

physicochemical properties which impact the adsorption of P-CDP besides the charge state. 

 

Figure 6. Instantaneous removal of 17 positively charged MPs by CCAC and P-CDP. Error bars 

represent maximum and minimum removal of triplicates. 

The data in Figure 6 summarize the instantaneous removal of 17 positively charged MPs by P-

CDP and CCAC which is a guide to the eye to present the high efficiency of P-CDP in the 

adsorption of cations. All 17 positively charged compounds not effectively removed by CCAC 

show almost complete removal on P-CDP in the instantaneous uptake experiments. Therefore, 

the previous hypothesis that the P-CDP favors the adsorption of MPs with positive charges due 

to the electrostatic interactions can be verified with the similar results of instantaneous uptake 

experiments. 
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In sum, compared with CCAC, the P-CDP has faster kinetics and higher selectivity for MPs in 

filtration-type adsorption processes. In addition, the observation that the removal level of most 

MPs are higher in instantaneous uptake than in batch experiments could be contributed to the 

complete contact between the chemical mixture and the P-CDP in filtration or the higher ratio of 

adsorbent to adsorbates in filtration-type experiments. Further, the great removal efficiency of P-

CDP presented in instantaneous experiments for all 17 positively charged MPs confirm the 

hypothesis that the P-CDP favors the adsorption of MPs with positive charges due to electrostatic 

interactions. However, the comparatively high removal of several negatively charged MPs 

indicates that there should be some other important physicochemical properties which impact the 

adsorption of P-CDP besides the charge state. 

2.4.2 Affinity experiments 

The purpose of the affinity experiments was to characterize the affinity of different MPs to the 

P-CDP and to support the development of an LSER that can explain the selectivity of the P-CDP. 

In the previous sections, the P-CDP presents an orders-of-magnitude faster kinetics and much 

greater instantaneous removal as compared with CCAC, however, MP adsorption efficiency by 

P-CDP was also distributed over a broader range than CCAC indicating that the P-CDP is more 

selective than CCAC. The selectivity of an adsorbent can be of great importance when it comes 

to the understanding of the adsorption mechanism and the evaluation of its potential in practical 

applications. To describe the selectivity of P-CDP for each MP, the distribution coefficient of 

each MP at infinite dilution (𝐾∞), which was proposed in previous studies about the adsorption 

of AC as the best descriptor for the affinity,60,62,67,68 was estimated from experimental data. 

The values of 𝐾∞ have been calculated for 63 of the 83 MPs for which Ce was larger than the 

respective limit of quantification and are reported in Table C1 of Appendix C.  
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Figure 7. Distribution of 5 minute batch removal and calculated 𝑙𝑜𝑔 𝐾∞ for 60 MPs for P-CDP. 

Compounds with positive charges are marked as red; Compounds with negative charges are marked as 

blue; Compounds with no charge are marked as grey and zwitterions are marked as brown. 

The data presented in Figure 7 summarize the 5 minute removal and the estimated value of 

log 𝐾∞ of the 60 MPs. The positive correlation between 5 minute removal and the values of 

log 𝐾∞ for each MP demonstrates that the greater the affinity of a MP to the P-CDP is, the higher 

the removal level of this MP for P-CDP will be. For example, among the 60 MPs, all 8 positively 

charged MPs which show great removal by P-CDP in batch kinetics and instantaneous uptake 

experiments also present the highest values of affinity. Further, 9 of the 12 negatively charged 

compounds which show poor removal by P-CDP in the previous sections also present the 

comparatively low values of affinity. Therefore, the hypothesis generated previously that the P-

CDP favors the adsorption of MPs with positive charges due to the electrostatic interactions can 

also be well supported with the calculated values of 𝐾∞ from the affinity experiments. In 
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addition, two important observations: (i) several negatively charged MPs show comparatively 

high 𝐾∞; and (ii) the 𝐾∞ of non-charged MPs and zwitterions distribute evenly in Figure 7, 

support the hypothesis generated in previous sections that there are some other important 

physicochemical properties which impact the adsorption of P-CDP besides the charge state. 

Importantly, the values of log 𝐾∞ for each MP for P-CDP spread out over four orders of 

magnitude indicating the selectivity of P-CDP observed in the kinetics experiments. 

2.4.3 Linear Solvation Energy Relationship 

Though the selectivity/affinity of P-CDP for different MPs is important for getting deeper 

insight into the potential and properties of P-CDP, it is not practical to perform adsorption 

experiments on all types of MPs.1,5 To target the selectivity of P-CDP rising from the results of 

kinetics, instantaneous uptake, and affinity experiments, a specific form of LSER was adopted to 

conduct the prediction of the affinity of different MPs to P-CDP. Among the 5 specific 

solvatochromic descriptors (H, H, H, R, V) used in this model, none of them can be directly 

linked with the charge state of MPs. As a result, the charge-state hypothesis generated in 

previous sections cannot be verified trough the statistical analysis of the LSER model. The 

calculated values of log 𝐾∞ and solvatochromic descriptors for all 60 MPs are presented in 

columns 1 – 6 in Table C1 presented in Appendix C. The distribution of solvatochromic 

descriptors (H, H, H, R, V) for both the training dataset and validation dataset were also 

presented in Figure 8 with a box and whisker plot. The distribution of each descriptor in the 

validation dataset matches that in the training dataset indicating that the validation dataset will be 

a great representative to verify the model developed with the training dataset. 
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Figure 8. Box and whisker plot for the distribution of solvatochromic descriptors. Descriptors for training 

dataset of 40 MPs are ended with (-T) and those for validation dataset of 20 MPs are ended with (-V). 

2.4.3.1 Development of the LSER model 

The coefficients of the LSER descriptors were determined with MLR between the independent 

variables (LSER descriptors) and dependent variables (log 𝐾∞). The details of MLR and ANOVA 

analysis can be found in Table E1 to Table E4 presented in Appendix E. The equation generated 

with the training dataset is presented as follows: 
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log 𝐾
∞

= −(2.96 ± 0.48) + (0.41 ± 0.27)𝛼𝐻 + (0.01 ± 0.14)𝛽𝐻 

+(0.18 ± 0.23)𝜋𝐻 + (0.26 ± 0.21)𝑅 + (2.15 ± 0.22)𝑉 

(n = 40, r2 = 0.79)  (9)

The p-value of the F test for this MLR model was 1.5e-10 indicating that this model can be 

useful in the prediction of 𝐾∞ at a significance level much higher than 99%. In other words, at 

least one of the 5 descriptors is very important in the prediction of affinity of MPs onto P-CDP. 

Further, the magnitude of the coefficient of the V term was much higher than the coefficients of 

the other terms indicating that the McGowan’s characteristic volume was the most influential 

descriptor in the LSER model for P-CDP and contributed the most to the goodness-of-fit of this 

model (r2). The large and positive value of the coefficient for V indicates that within the specific 

range of McGowan volume from 0.87 to 5.73 (cm3 mol-1/100) in this case, MPs with large 

volumes tend to have higher affinity to P-CDP, though it is possible that MPs with large volumes 

will not bind to P-CDP due to other physicochemical properties such as negative charges that do 

not favor binding to P-CDP. The tendency of P-CDP to adsorb MPs with large volumes could be 

contributed to two facts: (i) the large molar volume of MP could thermodynamically drive the 

adsorption because it requires more energy for cavity formation in water for larger molecules; or 

(ii) it is demonstrated in some previous projects that adsorption by β-CD is based on the size-

matched host-guest chemistry22,52,55 indicting that the molar volume of adsorbates could 

essentially determine the adsorption onto P-CDP. In contrast, the small magnitude and large p-

value of the other 4 coefficients suggest that the hydrogen bond formation (H and H), 

polarizability (H), and the molecular force of lone-pair electrons (R)67 only played a minor role 

in this model compared with volume. Since H is insignificant at any reasonable statistical level 
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based on the ANOVA test, it is possible that a better model with fewer independent descriptors 

could be achieved by excluding the descriptor H from the full model.  

As a result, a reduced model with only four independent descriptors (H, H, R, V) was 

generated with the same training data set. The equation is presented as follows: 

log 𝐾
∞

= −(2.96 ± 0.47) + (0.41 ± 0.27)𝛼𝐻 + (0.20 ± 0.17)𝜋𝐻 

+(0.25 ± 0.20)𝑅 + (2.15 ± 0.21)𝑉 

(n = 20, r2 = 0.79)  (10)

The p-value of the F test for this model was 2.5e-11 which is smaller than the p-value of the 

full model indicating that the significance of the reduced model was improved by excluding the 

term H compared with the full model. Further, the ANOVA test between the full and reduced 

model demonstrated that at over a 90% significance level as presented in Table E4 in Appendix 

E, the existence of the term H made no statistical difference on the LSER model for P-CDP. As 

a result, the LSER between MPs and P-CDP in aqueous solution can be described with a subset 

of solvatochromic descriptors with H, H, R and V. The developed model can be used to predict 

the affinity of other organic chemicals to the P-CDP based on the estimated values of these four 

solvatochromic descriptors. 

2.4.3.2 Verification of the LSER model 

As shown in Figure 8, the ranges of solvatochromic descriptors for the validation dataset are in 

accordance to the ranges of training dataset indicating that the validation dataset can be 

representative for the verification of the LSER model developed with the training dataset. The 
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predicted log 𝐾∞ values obtained from Equation (9) were plotted against the experimental log 𝐾∞ 

for both datasets in Figure 9.  

 

Figure 9. The predicted affinity descriptors vs experimentally measured affinity descriptors by full model 

(Equation 9) for both training and validation data sets. 

The predicted log 𝐾∞ values obtained from Equation (10) were plotted against the 

experimental log 𝐾∞ for both datasets in Figure 10.  
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Figure 10. The predicted affinity descriptors vs experimentally measured affinity descriptors by reduced 

model (Equation 10) for both training and validation data sets. 

Validation of the full and reduced models was conducted with 20 validation compounds as 

presented in Table C1 in Appendix C. The goodness-of-fit was quantified with the coefficient of 

determination (r2). The r2 of the validation with both models are both around 80%, suggesting 

satisfactory prediction capabilities of the full and reduced LSER models. Further, the higher p-

value and same value of r2 for the reduced model indicates that the prediction capabilities of the 

reduced model are at least the same as that of the full model if not better. Therefore, The LSER 

model with four independent descriptors (H, H, R, V) could perform a satisfactory prediction of 

the affinity to P-CDP and serve as a guide for the application of P-CDP in practical water or 
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wastewater treatment processes including adsorption followed by ultrafiltration and packed 

column filtration. 

Importantly, besides the charge-state hypothesis generated in previous sections, the LSER 

model demonstrates that molecular volume (V) is another physicochemical property that can 

influence the adsorption of MPs onto P-CDP to great extents. As proven in previous studies, β-

CD can only encapsulate size-matched guest compounds (<20 Å) due to the limited size of the 

cavity of β-CD. 52,55,58,69 Further, most MPs fall into the diameter range of 6 to 10 Å and the 

majority of NOM molecules are larger than 20 Å.6,18 Through the statistical analysis of the LSER 

model, further understanding has been gained into the size-matched mechanism for P-CDP that 

in the diameter range from 6 to 10 Å (i.e., McGowan volume from 0.87 to 5.73), the affinity of 

P-CDP is positively correlated with the diameter of the MPs. Additionally, though the charge-

state hypothesis cannot be directly verified through the developed model, further insights can be 

achieved by looking into the molecular volume of all 8 positively charged MPs adopted in this 

model. The McGowan volume of these 8 MPs range from 1.98 to 2.49 (cm3 mol-1/100) which is 

the intermediate of the full range from 0.87 to 5.73 in this case. However, all these MPs have the 

highest distribution coefficients in the affinity experiments indicating that the positive charges of 

MPs (McGowan volume range from 0.87 to 5.73) can determine the complex formation on P-

CDP. 

As a result, a new hypothesis can be generated based on the support from the LSER model that 

the P-CDP favors the adsorption of MPs large in size but the charge state (positive charge) of 

MPs can determine the inclusion in the specific range of McGowan volume from 0.87 to 5.73 

(cm3 mol-1/100). 
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CHAPTER 3: DISCUSSION AND FUTURE WORK 

3.1 Discussion 

Through the batch kinetics, instantaneous uptake, and affinity experiments, the performance of 

P-CDP was characterized for the removal of 83 MPs from water at environmentally relevant 

concentrations and its performance was benchmarked against CCAC. Two important hypotheses 

of the charge states and the McGowan volume about the adsorption mechanism of P-CDP have 

been generated based on the consistent observations throughout the three sets of experiments. 

Some interesting features of P-CDPs were also observed during the analysis of the resulting data 

by which the potential of P-CDP to be used in practical water and wastewater treatment 

processes can be evaluated. 

First, the relatively fast kinetics (i.e., quick equilibrium) has been demonstrated in both batch 

and filtration-type kinetics experiments suggesting that all available binding sites on P-CDP can 

be instantaneously accessed. As proven in previous studies, the adsorption of β-CD is based on 

the complex-formation mechanism52,55 which is much more specific and efficient than the 

diffusion controlled adsorption on AC. Therefore, it is sensible that the kinetics of P-CDP, which 

also has high surface area and porosity, can be much faster than that of AC.  

Second, it has been observed in batch kinetics, instantaneous uptake, and affinity experiments 

that the adsorption of P-CDP can be impacted by some certain physicochemical properties of 

MPs (i.e., the adsorption is selective). For example, positively charged MPs (i.e., cations) can be 

efficiently removed by P-CDP which could be contributed to the electrostatic interactions 

between the cations and the high electronegativity inside the cavity of β-CD.55 Importantly, the 

cations were not effectively removed by CCAC indicating the potential of P-CDP as an 

alternative adsorbent to make up for this deficiency of AC. 
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Third, the statistical analysis of the LSER model demonstrates that the molecular volume of a 

MP is of great importance for its adsorption by P-CDP. The large and positive value of the 

coefficient for V in the LSER model indicates that within the specific range of McGowan volume 

from 0.87 to 5.73 (cm3 mol-1/100), MPs with large volumes tend to have higher affinity to P-CDP 

but the positive charges can determine the complex formation even for MPs with comparatively 

small volumes and it is possible that MPs with large volumes will not bind to P-CDP due to other 

physicochemical properties such as negative charges that do not favor binding to P-CDP. 

Last but not least, the results of batch kinetics, instantaneous uptake, and affinity experiments 

align well with each other which is important for extrapolating results attained in one type of 

process to another. Further, due to the positive correlation between the removal level (batch or 

filtration) and the affinity of MPs for P-CDP, the removal efficiency of a MP during either type 

of treatments can be well estimated with the respective affinity to P-CDP which can be predicted 

by the LSER model with no need for any experiments. 

In practice, the P-CDP can be an alternative adsorbent to be used in practical treatment 

processes combining its fast kinetics and great affinity for cations that are poorly removed by 

AC. For example, PAC-UF, suggested as the most suitable treatment for sensitive receiving 

waters,21 can be an efficient way to remove MPs. However, the slow kinetics (i.e., small kobs) of 

PAC results in typically required PAC-UF contact times of 0.5-2 h23,56 which are still too short 

for PAC to reach adsorption equilibrium and thus do not take full advantage of the capacity of 

PAC. A recent study on SPAC demonstrates the improvement in kinetics by wet milling PAC to 

SPAC with a final d50 of 1 µm but it also proves that SPAC suffers more severe blocking effects 

caused by NOM than PAC.46 The P-CDP, as a potential alternative for PAC-UF, presents a much 

faster kinetics compared with CCAC and other widely used PAC. Though the time to 
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equilibrium for adsorption of SPAC is significantly shortened, the additional step of wet milling 

PAC to SPAC will significantly increase the cost of energy and money. Considering the 

intensive energy consumption in the production of SPAC, the P-CDP will be a better choice 

when it comes to the sustainable water and wastewater treatment.  

As another important application, packed column filtration has been demonstrated to have 

potential for the control of MPs and has been applied in some water or wastewater treatment 

plants. However, the slow kinetics of GAC results in the gradual breakthrough curve and long 

EBCT. Importantly, the performance of GAC in packed columns can also be adversely affected 

by the presence of NOM and DOC in natural water or wastewater.17,70,71 Due to the competition 

and pore-blockage mechanism by NOM demonstrated in previous studies72–74, the adsorptive 

capacity of GAC can be significantly reduced. Further, NOM adsorption can decrease the 

kinetics of GAC by reducing MP adsorption rates.39 As a result, the breakthrough curve of GAC 

can be severely influenced by NOM in water and longer EBCT has to be selected to reach the 

predetermined removal level of MPs accordingly. It should be noted, in addition, much GAC can 

be wasted because of the large mass transfer zone caused by the gradual breakthrough curve 

which will increase the media replacement cost.65 

Compared with GAC, the much faster kinetics of P-CDP suggests that the breakthrough curve 

of P-CDP in a packed column could be much steeper than that of GAC (like ion exchange) 

resulting in a much smaller mass transfer zone. Further, as demonstrated in previous studies, β-

CD can only encapsulate size-matched guest compounds (<20 Å)52,55,58,69 indicating that the 

adsorption of MPs by β-CD polymers will not be severely interfered by natural water 

constituents including NOM and salinity due to molecular recognition. For example, similar 

removal efficiencies for MPs were observed in deionized water and lake water for β-CD 
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polymers (β-CD polyurethanes and EPI-CDP) in previous studies22,75 which can support the 

potential non-interference property of P-CDP. Therefore, it is possible that the performance of P-

CDP in filtration type treatments won’t be adversely affected by the presence of NOM and DOC 

in natural water or wastewater.  

Together, data from the batch kinetics, instantaneous uptake, affinity experiments and the 

LSER model provide key insights into the mechanisms by which MPs bind to the P-CDP and 

demonstrate its adsorption efficacy relative to AC. Though the adsorption of MPs is more 

selective for P-CDP than CCAC, potential advantages including the fast kinetics, efficient 

removal of cations and non-interference by NOM suggest that the P-CDP could be a suitable 

alternative to activated carbon with potential applications in water purification and wastewater 

treatment. 
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3.2 Conclusions 

 P-CDP shows much faster kinetics than CCAC and reaches adsorption equilibrium nearly 

instantly, suggesting instantaneous accessibility of all binding sites which can be 

contributed to the complex-formation mechanism of P-CDP in contrast to the diffusion 

controlled adsorption of CCAC.  

 The extent of overall removal of MPs is lower for P-CDP compared to an equivalent mass 

of CCAC, suggesting that CCAC has greater adsorption capacity on a per mass basis which 

can be contributed to the 5 times higher surface area of CCAC as compared with P-CDP. 

 The rate constant kobs and extent of removal of different MPs are narrowly distributed for 

CCAC, confirming non-selective adsorption. Conversely, the broad range of rate constants 

and removal extents of different MPs for P-CDP suggests selective adsorption. 

 The charge state of MPs can impact the adsorption of P-CDP to great extent especially for 

the cations. P-CDP can rapidly and efficiently remove cationic species under both batch 

and filtration adsorption which are not well removed by CCAC. 

 The positive correlation between 5 minute removal and the values of log 𝐾∞ for each MP 

demonstrates that the removal efficiency of a specific MP onto P-CDP can be estimated 

based on the value of distribution coefficient which can be well predicted with the LSER 

model. 

 The LSER model suggests that McGowan’s volume serves as a major determinant of MP 

uptake by P-CDP. Within the specific range of McGowan volume from 0.87 to 5.73 (cm3 

mol-1/100), MPs with large volumes tend to have higher affinity to P-CDP but the charge 
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state (positive charges) of MPs can determine the inclusion even for MPs with 

comparatively small volumes. 

 Potential advantages including the fast kinetics, efficient removal of cations, and expected 

non-interference by NOM suggest that the P-CDP could be a suitable alternative to AC 

with potential applications like batch adsorption contactor processes followed by 

ultrafiltration or filtration-type column treatment. 
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3.2 Future work 

All of the data presented in this thesis demonstrate that the P-CDP can instantaneously remove 

MPs with certain physicochemical properties from water. From these data, two important 

properties, including the charge state and molecular volume have been confirmed to impact the 

adsorption onto P-CDP to great extents. Further, the apparent importance of molecular volume 

demonstrated by the LSER model and previous studies also suggests that large molecules such as 

most NOM and DOC will be excluded from the adsorption of P-CDP. Therefore, natural water 

constituents, which are major causes of the fouling problem for non-selective adsorbents such as 

AC, might not interfere the adsorption of P-CDP. Additionally, the regeneration of P-CDP was 

achieved with a methanol rinse at ambient temperatures with no reduced performance in a 

previous study suggesting the easy regeneration of P-CDP.7  

However, the non-interference hypothesis and easy regeneration of P-CDP have not been 

verified with a large database of MPs at environmentally relevant concentrations. To target the 

non-interference hypothesis, the batch kinetics and instantaneous uptake experiments will be 

performed in water samples from lakes and wastewater treatment plant effluents with the 

presence of natural water constituents. The non-interference hypothesis can be demonstrated if 

similar removal efficiencies for MPs are observed in experiments with complex water matrices 

as presented in this paper. The regeneration of P-CDP will be verified through instantaneous 

uptake experiments with a large mixture of over 100 MPs at environmentally relevant 

concentrations. The thin layer of P-CDP fixed on the filter will be saturated by passing enough 

volume of mixture of MPs through and then rinsed with different organic solvents such as 

methanol, ethanol, acetone, and acetonitrile. These processes will be repeated for several cycles 

until the reduced performance of P-CDP is observed. Through these regeneration experiments, 
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not only the regeneration property of P-CDP at environmentally relevant concentrations can be 

tested but also the composition of the rinse solution can be optimized. 

Additionally, only two physicochemical properties of MPs have been confirmed in this 

research for the selectivity of P-CDP. Due to the limited number of descriptors in LSER 

modelling, it is very hard to achieve a goodness of fit (r2) higher than 0.80 for the prediction 

model. To find out more influential properties and improve the accuracy of prediction for the 

affinity, a Quantitative Structure Activity Relationship (QSAR) model will be develop based on 

affinity experiments with a large mixture of 247 MPs. Selection of parameters out of a total 

number of 1875 physicochemical descriptors will be performed with the least absolute shrinkage 

and selection operator (Lasso) regression method. Hopefully, several more properties which 

impact the affinity of MPs to P-CDP (perhaps including a charge-state parameter) will be sieved 

out and a QSAR model with better prediction capability will be developed through the new 

affinity experiments and Lasso. 

Together, future studies on the non-interference hypothesis, regeneration, and a 

comprehensive QSAR model may improve the understanding of the adsorption mechanism of P-

CDP and lay the foundation for pilot-scale tests including P-CDP-UF and P-CDP packed 

columns. 
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APPENDIX 

A. Information of 90 representative MPs  

Table A1: Characteristics of all ninety micropollutants.  

No.a Compound Name CAS # Supplier Chemical Formula pKab logKow
c Charged 

1 2,4-D 94-75-7 Aldrich C8H6Cl2O3 3.0±0.1 2.50 - 

2 Abacavir 136470-78-5 Aldrich C14H18N6O 14.9±0.1 0.39 n 

3 Acebutolol 37517-30-9 Aldrich C18H28N2O4 13.8±0.2 1.53 + 

4 Acetaminophen 103-90-2 USP C8H9NO2 9.9±0.1 0.91 n 

5 Acetochlor 34256-82-1 Aldrich C14H20ClNO2 1.3±0.5 3.50 n 

6 Albuterol 18559-94-9 Aldrich C13H21NO3 10.0±0.3 0.34 + 

7 Allopurinol 315-30-0 Aldrich C5H4N4O 9.2±0.5 0.35 n 

8 Amphetamine 300-62-9 Aldrich C9H13N 9.9±0.1 1.80 + 

9 Atenolol 29122-68-7 Aldrich C14H22N2O3 13.9±0.2 0.43 + 

10 Atenolol Acid 56392-14-4 Aldrich C14H21N1O4 4.4±0.1 -1.24 z 

11 Atrazine 1912-24-9 Aldrich C8H14Cl1N5 2.3±0.1 1.76 n 

12 
Benzotriazole-

methyl-1H 
136-85-6 Aldrich C7H7N3 8.7±0.4 1.81 n 

13 Bromacil 314-40-9 Aldrich C9H13BrN2O2 8.8±0.4 1.69 z 

14 Bupropion 34841-39-9 Cerilliant C13H18ClNO N/A 3.27 + 

15 Caffeine 58-08-2 USP C8H10N4O2 0.5±0.7 -0.55 n 

16 Carbamazepine 298-46-4 Aldrich C15H12N2O 13.9±0.2 2.77 n 

17 Carbaryl 63-25-2 Aldrich C12H11NO2 12.0±0.5 2.96 n 

18 Carbofuran 1563-66-2 Aldrich C12H15NO3 12.3±0.5 1.30 n 

19 Chloridazon 1698-60-8 Aldrich C10H8Cl1N3O1 0.7±0.2 1.11 n 

20 Chloroxylenol 88-04-0 Aldrich C8H9ClO 9.8±0.2 3.30 n 

21 Cimetidine 51481-61-9 Aldrich C10H16N6S 14.1±0.1 -0.29 n 

22 Clofibric Acid 882-09-7 Aldrich C10H11ClO3 3.2±0.1 2.90 - 

23 Codeine 76-57-3 Cerilliant C18H21NO3 13.4±0.2 1.34 + 

24 Cotinine 486-56-6 Cerilliant C10H12N2O 4.7±0.1 0.21 n 

25 DEET 134-62-3 Aldrich C12H17NO -1.4±0.7 2.50 n 

26 Diazinon 333-41-5 Aldrich C12H21N2O3P1S1 1.2±0.3 4.19 n 

27 Diclofenac 15307-86-5 Aldrich C14H11Cl2N1O2 4.2±0.1 4.60 - 

28 Dimethoate 60-51-5 Aldrich C5H12NO3PS2 14.4±0.5 -1.48 n 

29 Diuron 330-54-1 Aldrich C9H10Cl2N2O1 13.6±0.7 2.30 n 

30 Efavirenz 154598-52-4 Aldrich C14H9ClF3NO2 10.2±0.4 5.15 n 
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31 Erythromycin 114-07-8 Aldrich C37H67NO13 13.1±0.7 2.60 + 

32 Estrone 53-16-7 Aldrich C18H22O2 10.3±0.4 4.31 n 

33 Famotidine 76824-35-6 Aldrich C8H15N7O2S3 7.5±0.4 -1.95 + 

34 Fluconazole 86386-73-4 Aldrich C13H12F2N6O 11.0±0.3 0.56 n 

35 Fluoxetine 54910-89-3 Aldrich C17H18F3NO 10.1±0.1 4.17 + 

36 Gemfibrozil 25812-30-0 Aldrich C15H22O3 4.8± 0.5 4.39 - 

37 Hydrocodone 125-29-1 Cerilliant C18H21NO3 8.5±0.2 1.96 + 

38 Ibuprofen 15687-27-1 
Arcos 

Organics 
C13H18O2 4.4±0.1 3.84 - 

39 Imidacloprid 138261-41-3 Aldrich C9H10ClN5O2 7.2±0.2 -0.59 z 

40 Iopromid 73334-07-3 Aldrich C18H24I3N3O8 10.6±0.7 -0.44 z 

41 Ioxynil 1689-83-4 Aldrich C7H3I2NO 5.0±0.2 3.38 - 

42 Isoproturon 34123-59-6 Aldrich C12H18N2O1 15.1±0.7 2.57 n 

43 Ketoprofen 22071-15-4 Aldrich C16H14O3 4.2±0.1 3.61 - 

44 Linuron 330-55-2 Aldrich C9H10Cl2N2O2 12.1±0.7 2.30 n 

45 Malaoxon 1634-78-2 Aldrich C10H19O7PS N.A 0.97 n 

46 MCPA 94-74-6 Aldrich C9H9ClO3 3.1±0.1 2.41 - 

47 Mecoprop 93-65-2 Aldrich C10H11ClO3 3.2±0.1 2.98 - 

48 Meprobamate 57-53-4 Cerilliant C9H18N2O4 13.1±0.5 0.93 n 

49 Methomyl 16752-77-5 Aldrich C5H10N2O2S 13.3±0.5 0.72 n 

50 Metolachlor 51218-45-2 Aldrich C15H22ClNO2 1.5±0.5 3.45 n 

51 Metoprolol 37350-58-6 Aldrich C15H25NO3 13.9±0.2 1.76 + 

52 Metribuzin 21087-64-9 Aldrich C8H14N4O1S1 -0.2±0.2 1.96 n 

53 Molinate 2212-67-1 Aldrich C9H17NOS -1.2±0.2 2.34 n 

54 Morphine 57-27-2 Cerilliant C17H19O3 9.5±0.4 0.90 + 

55 Nadolol 42200-33-9 Aldrich C17H27NO4 13.9±0.2 0.87 + 

56 Naproxen 22204-53-1 Aldrich C14H14O3 4.8±0.3 2.99 - 

57 Oxcarbazepine 28721-07-5 Aldrich C15H12N2O2 13.7±0.2 1.82 n 

58 Oxybenzone 131-57-7 Aldrich C14H12O3 7.6±0.4 3.62 - 

59 Paraxanthine 611-59-6 Aldrich C7H8N4O2 8.5±0.5 0.09 n 

60 Penciclovir 39809-25-1 Aldrich C10H15N5O3 14.4±0.1 -1.69 n 

61 Pentoxyfylline 6493-05-6 Aldrich C13H18N4O3 0.5±0.7 0.23 n 

62 PFBA 375-22-4 Aldrich C4HF7O2 0.4±0.1 2.31 - 

63 PFOA 335-67-1 Aldrich C8HF15O2 0.5±0.1 5.11 - 

64 Phenytoin 57-41-0 Aldrich C15H12N2O2 8.3±0.1 3.40 z 

65 Progesterone 57-83-0 Aldrich C21H30O2 N.A 4.15 n 

66 Prometon 1610-18-0 Aldrich C10H19N5O 4.4±0.41 1.75 n 
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67 Propachlor 1918-16-7 Aldrich C11H14ClNO 0.3±0.5 2.39 n 

68 Ranitidine 66357-35-5 USP C13H22N4O3S 8.4±0.3 0.99 z 

69 Siduron 1982-49-6 Aldrich C14H20N2O 12.4±0.4 3.27 n 

70 Simazine 122-34-9 Aldrich C7H12ClN5 2.7±0.1 0.63 n 

71 Sitagliptin 486460-32-6 Aldrich C16H15F6N5O 7.2±0.1 1.26 + 

72 Sucralose 56038-13-2 Aldrich C12H19Cl3O8 12.5±0.7 -0.47 n 

73 Sulfamethoxazole 723-46-6 Aldrich C10H11N3O3S 5.8±0.5 0.79 - 

74 Sulfathiazole 72-14-0 Aldrich C9H9N3O2S2 7.2±0.1 0.98 - 

75 TCEP 115-96-8 Aldrich C6H12Cl3O4P N.A 2.11 n 

76 Testosterone 58-22-0 Aldrich C19H28O2 15.1±0.6 3.37 n 

77 Tramadol 27203-92-5 Cerilliant C16H25NO2 14.5±0.4 2.45 + 

78 Tributyl Phosphate 126-73-8 Aldrich C12H27O4P N.A 4.09 n 

79 Triclosan 3380-34-5 Aldrich C12H7Cl3O2 7.8±0.4 4.98 n 

80 Trimethoprim 738-70-5 Aldrich C14H18N4O3 7.0±0.1 0.89 + 

81 Valsartan 137862-53-4 USP C24H29N5O3 3.6±0.1 5.27 - 

82 Venlafaxine 93413-69-5 USP C17H27NO2 14.8±0.2 2.74 + 

83 Warfarin 81-81-2 Aldrich C19H16O4 4.5±1.0 3.52 - 

84e Aldicarb 116-06-3 Aldrich C7H14O2N2S1 13.8±0.5 1.28 n 

85e Bentazon 25057-89-0 Aldrich C10H12N2O3S 3.3±0.7 0.76 - 

86e Beta-Estradiol 50-28-2 Aldrich C18H24O2 10.3±0.6 3.75 n 

87e Dextromethorphan 125-71-3 Aldrich C18H25NO 9.1±0.2 3.49 + 

88e Estriol 50-27-1 Aldrich C18H24O3 10.3±0.7 2.67 n 

89e Ethynylestradiol 57-63-6 Aldrich C20H24O2 10.2±0.6 3.90 n 

90e Glyphosate 1071-83-6 Aldrich C3H8NO5P 1.2±0.1 -3.10 z 

a. Number is used to tag the respective MP for future reference; 

b. pKa was found on Scifinder. N.A. means that no pKa was reported for that MP; 

c. log 𝐾𝑜𝑤 are estimated values obtained from Marvin from ChemAxon; 

d. Charge state was predicted by Marvin from ChemAxon at pH = 7.4. 

e. MPs from No.84 (Aldicarb) to No.90 (Glyphosate) are not amenable to analysis by 

analytical methods adopted in this research. 
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Table A2: Analytical data required for the 83 MPs amenable to the analytical method.  

No. Compound Name Exact Mass [M] Ionization Modea Retention Timeb LOQc 

1 2,4-D 219.9689 negative 14.03 10 

2 Abacavir 286.1542 positive 9.25 1 

3 Acebutolol 336.2049 positive 10.11 1 

4 Acetaminophen 151.0628 positive 8.32 10 

5 Acetochlor 269.1177 positive 16.20 10 

6 Albuterol 239.1521 positive 8.12 1 

7 Allopurinol 136.0385 positive 7.35 200 

8 Amphetamine 135.1048 positive 9.30 1 

9 Atenolol 266.1625 positive 8.16 1 

10 Atenolol Acid 267.1471 positive 9.24 1 

11 Atrazine 215.0932 positive 13.17 1 

12 
Benzotriazole-

methyl-1H 
133.0635 positive 11.12 1 

13 Bromacil 260.0155 positive 12.03 10 

14 Bupropion 239.1077 positive 10.92 1 

15 Caffeine 194.0798 positive 9.44 1 

16 Carbamazepine 236.0944 positive 12.55 1 

17 Carbaryl 201.0795 positive 12.52 10 

18 Carbofuran 221.1057 positive 12.02 1 

19 Chloridazon 221.0350 positive 10.62 1 

20 Chloroxylenol 156.0342 negative 15.26 200 

21 Cimetidine 252.1157 positive 8.31 1 

22 Clofibric Acid 214.0391 negative 14.70 10 

23 Codeine 299.1521 positive 8.52 10 

24 Cotinine 176.0950 positive 6.93 50 

25 DEET 191.1305 positive 13.31 1 

26 Diazinon 304.1005 positive 17.47 1 

27 Diclofenac 295.0161 positive 17.36 10 

28 Dimethoate 229.0002 positive 10.52 1 

29 Diuron 232.0165 positive 13.88 10 

30 Efavirenz 315.0274 positive 17.39 10 

31 Erythromycin 733.4607 positive 13.20 200 

32 Estrone 270.1620 positive 11.72 1 

33 Famotidine 337.0449 positive 8.29 10 

34 Fluconazole 306.1035 positive 10.43 50 
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35 Fluoxetine 309.1335 positive 14.06 10 

36 Gemfibrozil 250.1563 positive 19.30 10 

37 Hydrocodone 299.1521 positive 8.82 1 

38 Ibuprofen 206.1301 positive 17.76 10 

39 Imidacloprid 255.0523 positive 10.06 1 

40 Iopromid 790.8692 positive 8.43 1 

41 Ioxynil 370.8299 negative 14.26 1 

42 Isoproturon 206.1414 positive 13.56 1 

43 Ketoprofen 254.0937 positive 14.30 10 

44 Linuron 248.0114 positive 14.87 10 

45 Malaoxon 314.0589 positive 12.06 1 

46 MCPA 200.0235 negative 14.37 1 

47 Mecoprop 214.0391 negative 15.60 1 

48 Meprobamate 218.1267 positive 11.28 10 

49 Methomyl 162.0463 positive 9.20 1 

50 Metolachlor 283.1334 positive 16.35 1 

51 Metoprolol 267.1829 positive 10.23 1 

52 Metribuzin 214.0883 positive 11.99 1 

53 Molinate 187.1031 positive 15.37 1 

54 Morphine 285.1359 positive 7.52 10 

55 Nadolol 309.1935 positive 9.40 1 

56 Naproxen 230.0937 positive 14.83 1 

57 Oxcarbazepine 252.0899 positive 11.61 10 

58 Oxybenzone 228.0781 positive 16.72 50 

59 Paraxanthine 180.0647 positive 8.78 10 

60 Penciclovir 253.1175 positive 8.34 1 

61 Pentoxyfylline 278.1379 positive 10.54 1 

62 PFBA 213.9870 negative 10.70 10 

63 PFOA 413.9743 negative 16.99 1 

64 Phenytoin 252.0899 positive 12.36 1 

65 Progesterone 314.2246 positive 17.29 10 

66 Prometon 225.1584 positive 11.62 1 

67 Propachlor 211.0758 positive 13.39 1 

68 Ranitidine 314.1407 positive 8.24 10 

69 Siduron 232.1576 positive 14.84 10 

70 Simazine 201.0776 positive 11.92 1 

71 Sitagliptin 407.1181 positive 10.42 10 
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72 Sucralose 396.0146 negative 9.90 1 

73 Sulfamethoxazole 253.0516 positive 10.00 10 

74 Sulfathiazole 255.0131 positive 8.58 10 

75 TCEP 283.9539 positive 12.19 1 

76 Testosterone 288.2089 positive 15.40 1 

77 Tramadol 263.1885 positive 10.11 1 

78 Tributyl Phosphate 266.1647 positive 18.87 1 

79 Triclosan 287.9506 negative 19.36 10 

80 Trimethoprim 290.1373 positive 9.21 1 

81 Valsartan 435.2270 positive 15.60 10 

82 Venlafaxine 277.2036 positive 11.28 10 

83 Warfarin 308.1043 positive 15.27 1 

a. The major ionization mode of the respective MP after electrospray ionization (ESI); 

b. The retention time of the respective MP (in minutes); 

c. The limit of quantification of the respective MP (in ng L-1); 

  



 

65 

B. Characterization of P-CDP and CCAC 

a. Surface area and pore size distributiona 

 
Figure B1: N2 adsorption (blue squares) and desorption (red squares) isotherms of CCAC. The solid line 

is a guide to the eye.  

SBET is the Brunauer-Emmett-Teller (BET) surface area (m2 g-1) of CCAC calculated from the N2 

adsorption isotherm, and P and P0 are the equilibrium and saturation pressures of N2 at 77 K, 

respectively.  
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Figure B2: The incremental pore volume of CCAC obtained by Non-Local Density Functional Theory 

analysis. 

NLDFT calculations applied to the N2 adsorption isotherms indicate a high pore volume 

distributed over the range of pore width from 15 to 25 Å suggesting a mesoporous structure of 

CCAC.  
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Figure B3: N2 adsorption (blue squares) and desorption (grey squares) isotherms of P-CDP. The solid 

line is a guide to the eye.  

SBET is the Brunauer–Emmett–Teller surface area (of m2 g-1) of P-CDP calculated from the N2 

adsorption isotherm, and P and P0 are the equilibrium and saturation pressures of N2 at 77 K, 

respectively. N2 porosimetry of the P-CDPs provided type II isotherms indicative of 

mesoporosity. 
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Figure B4: The incremental pore volume of P-CDP obtained by Non-Local Density Functional Theory 

analysis. 

NLDFT calculations applied to the N2 adsorption isotherms present the pore volume distributed 

over a broad range of pore width from 15 to 80 Å indicating the less-order mesoporous structure 

of P-CDP as compared with CCAC. 
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b. FT-IR spectrab 

 
Figure B5: FT-IR spectra, Spectra are labelled by chemical structure or compound name (top trace 

marked as green is β-cyclodextrin, second trace marked as orange down is tetrafluoroterephthalonitrile). 

The FT-IR spectra shown in this figure of P-CDP reflect the incorporation of β-CD 

and tetrafluoroterephthalonitrile. 

FTIR spectra of P-CDP showed absorbance at 2,242 cm−1, corresponding to the nitrile valence 

vibrations. Absorption at 1,678 cm−1, 1,628 cm-1 and 1,479 cm−1 can be assigned to C–C 

aromatic stretches. C–F stretches, which resonate at 1,307 cm-1 and 1,269 cm−1, are present in the 

spectra of P-CDP and appear weaker compared to the region around 1,300 cm-1 in the spectrum 

of tetrafluoroterephthalonitrile, as expected for partial F substitution. Finally, the IR spectra of P-

CDP exhibited valence vibrations of O-H bonds in the hydroxyl groups of β-CD near 3,378cm−1, 

aliphatic C–H stretches around 2,929 cm−1, and an intense C–O stretch at 1,024 cm−1, which are 

spectral features of intact β-CD. 



 

70 

a. Surface area measurements were conducted on a Micromeritics ASAP 2020 Accelerated 

Surface Area and Porosimetry Analyzer. Each sample (25-50 mg) was degassed at 90 °C 

for 24 h and then backfilled with N2. N2 adsorption isotherms were generated by 

incremental exposure to ultrahigh-purity nitrogen up to 1 atm in a liquid nitrogen (77 K) 

bath, and surface parameters were determined using BET adsorption models included in 

the instrument software (Micromeritics ASAP 2020 V4.00); 

b. FT-IR was performed on a Thermo Nicolet iS10 with a diamond ATR attachment. 
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C. Data of LSER model 

Table C1: Experimental and predicted values of the distribution coefficient 𝑙𝑜𝑔 𝐾∞, solvatochromatic 

descriptors, and group information of all sixty compounds used in LSER model training and verification. 

Compound Name logK∞
a logK∞

b
 H H H R Vc Group 

2,4-D 0.45 0.73 0.50 0.60 1.24 1.09 1.38 Validation 

Abacavir 3.12 2.74 0.76 2.85 2.29 1.78 2.09 Training 

Acetaminophen 0.72 0.48 0.89 0.89 1.32 1.20 1.17 Training 

Acetochlor 2.45 2.28 0.00 0.70 1.71 1.20 2.14 Training 

Albuterol 2.21 2.36 1.08 1.90 1.45 1.31 1.98 Validation 

Allopurinol -0.49 -0.09 0.74 1.07 1.58 1.46 0.88 Training 

Atenolol 2.79 2.59 0.45 1.72 1.54 1.48 2.18 Training 

Atenolol Acid 3.00 2.48 0.69 1.54 1.37 1.13 2.14 Validation 

Atrazine 1.63 1.39 0.65 2.18 1.51 1.22 1.62 Training 

Bromacil 1.07 1.37 0.35 1.75 1.75 1.36 1.63 Validation 

Caffeine 0.68 0.56 0.00 1.31 1.00 1.60 1.36 Training 

Carbamazepine 1.50 1.85 0.46 0.63 1.45 1.76 1.81 Training 

Carbaryl 1.38 1.25 0.35 0.91 1.55 1.77 1.54 Validation 

Carbofuran 1.18 1.48 0.35 1.03 1.76 1.25 1.69 Training 

Chloridazon 1.76 1.14 0.18 1.32 1.76 1.63 1.52 Training 

Chloroxylenol 0.68 0.31 0.72 0.37 0.96 0.98 1.18 Validation 

Cimetidine 2.85 2.33 0.59 2.27 2.41 1.43 1.96 Validation 

Clofibric Acid 0.64 1.01 0.50 0.66 1.11 0.93 1.54 Training 

Codeine 2.85 2.80 0.26 1.53 2.16 1.91 2.21 Training 

Cotinine 1.56 0.61 0.00 1.21 1.46 1.15 1.39 Validation 

DEET 1.33 1.17 0.00 0.84 1.42 0.93 1.68 Training 

Diazinon 3.35 2.82 0.00 2.56 2.57 1.22 2.31 Training 

Diclofenac 2.64 2.58 0.59 1.34 2.10 2.06 2.03 Training 

Dimethoate 1.01 1.38 0.35 2.44 2.41 1.31 1.58 Training 

Estrone 2.45 2.60 0.55 0.82 1.55 1.54 2.16 Training 

Famotidine 3.47 3.38 0.73 2.09 2.79 2.50 2.26 Validation 

Hydrocodone 2.89 2.68 0.00 1.52 2.31 1.74 2.21 Validation 

Ibuprofen 1.98 1.47 0.59 0.49 0.83 0.75 1.78 Training 

Imidacloprid 1.75 1.51 0.17 1.53 1.98 1.56 1.68 Training 

Ioxynil 1.67 1.18 0.50 0.30 1.48 2.07 1.45 Validation 

Ketoprofen 2.20 2.27 0.59 0.86 1.77 1.53 1.98 Training 

Malaoxon 2.20 2.44 0.00 2.90 2.51 0.61 2.21 Training 
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MCPA 0.67 0.71 0.50 0.61 1.16 0.96 1.39 Validation 

Mecoprop 0.42 1.02 0.50 0.63 1.12 0.95 1.54 Training 

Meprobamate 0.52 1.37 0.91 0.68 0.58 0.48 1.73 Training 

Methomyl 0.63 0.24 0.35 1.18 1.13 0.94 1.21 Validation 

Metolachlor 2.50 2.57 0.00 0.72 1.67 1.19 2.28 Training 

Metribuzin 1.36 1.07 0.00 1.60 1.32 1.15 1.62 Validation 

Morphine 2.43 2.60 0.55 1.54 2.06 1.99 2.06 Training 

Nadolol 2.84 3.39 0.70 1.87 1.62 1.51 2.49 Validation 

Naproxen 2.56 1.77 0.59 0.74 1.40 1.52 1.78 Training 

Oxcarbazepine 1.83 2.11 0.35 1.00 2.03 2.01 1.87 Training 

Paraxanthine 0.08 0.62 0.35 2.24 2.17 1.56 1.22 Training 

Penciclovir 2.79 2.46 1.23 2.84 2.69 2.05 1.80 Training 

Pentoxyfylline 1.75 2.24 0.00 1.65 1.47 1.73 2.08 Training 

PFOA -0.03 0.51 0.83 0.33 -0.10 -0.99 1.58 Validation 

Phenytoin 1.67 2.30 0.60 2.02 2.19 2.23 1.87 Validation 

Progesterone 2.96 3.26 0.00 0.89 1.43 1.19 2.62 Training 

Propachlor 1.46 1.20 0.00 0.52 1.54 1.16 1.66 Training 

Ranitidine hcl 2.20 3.05 0.20 1.93 1.92 1.54 2.4 Training 

Siduron 2.62 2.02 0.44 1.20 1.36 1.34 1.95 Training 

Simazine 1.38 1.10 0.65 2.16 1.55 1.23 1.48 Training 

Sulfamethoxazole 1.78 1.98 0.61 1.17 2.73 1.82 1.72 Training 

Sulfathiazole 1.40 2.00 0.61 1.33 2.71 2.17 1.69 Validation 

TCEP 1.21 1.33 0.00 1.83 1.91 0.51 1.76 Validation 

Testosterone 2.99 2.86 0.35 0.86 1.28 1.22 2.38 Training 

Tributyl_phosphate 2.63 2.18 0.00 1.85 1.44 0.13 2.24 Training 

Triclosan 2.72 1.92 0.41 0.26 1.84 1.81 1.81 Training 

Trimethoprim 2.61 3.05 0.65 1.84 2.88 1.95 2.18 Validation 

Warfarin 2.66 3.18 0.35 1.49 2.57 2.10 2.31 Training 

 

a. The actual values log 𝐾∞ calculated from the affinity experiments; 

b. The predicted values log 𝐾∞ calculated from reduced LSER model; 

c. The solvatochromic descriptors (H, H, H, R, V) were calculated with PaDEL-

Descriptor developed by the National Singapore University. 



 

73 

D. Data of kinetic and instantaneous uptake experiments 

Table D1: Results of kinetics experiments and instantaneous uptake experiments.  

No.a kobs, [g mg-1 min-1]b R: 5 min, [%]c R: 30 min, [%]c Instant Uptake, [%] 

 CCAC P-CDP CCAC P-CDP CCAC P-CDP CCAC P-CDP 

1 11.0 0.0 (72.9) 43.3±3.4 2.2±5.0 76.8±1.6 4.7±3.0 43.4±4.1 3.7±4.8 

2 14.0 141.8 56.2±2.7 90.4±3.9 88.1±1.9 94.6±0.3 50.8±0.3 98.9±5.2 

3 1.9 586.88 61.2±4.4 64.1±16.1 97±0.6 82.6±10.1 72.5±0.0 99.9±5.2 

4 13.9 0.0 (-772.6) 32.4±7.6 6.8±2.8 56.1±6.9 0.6±1.8 57.8±9.0 0.0±3.9 

5 13.0 61.9 59.7±4.5 51.7±4.1 90.9±0.8 59.3±2.1 53.5±5.7 66.0±4.5 

6 0.0 (-1775.1) 151.0 0.0±9.0 74.2±3.9 0.2±6.1 79.2±4.3 23.5±1.9 91.8±10.0 

7 26.4 37.3 32.9±11.0 1.1±13.1 47.5±4.8 6.3±3.6 53±13.1 0±7.0 

8 0.0 (-4485.5) 73712.2 0±7.1 75.5±16.5 0±11.2 72.4±9.9 33.4±0.7 97.1±9.0 

9 5.0 182.8 16.7±8.1 83.3±6.6 45.2±4.3 88.5±2.1 44.4±0.6 97.1±5.8 

10 16.3 85.7 34.6±1.5 76.4±3.9 57.8±3.6 82.3±2.0 42.3±1.2 94.2±4.8 

11 14.7 177.1 44.6±1.5 17.6±4.8 75.7±1.7 22.2±4.9 43.7±4.8 29.2±6.0 

12 21.0 281.1 60.4±1.8 15.5±2.1 82.9±1.0 18.2±5.0 56.2±4.4 27.1±5.6 

13 16.9 612.7 39.4±2.6 8.7±4.3 64.2±2.8 8.8±6.07 44.7±4.1 6.9±4.4 

14 3.1 5184.7 20.7±2.6 59.6±13.1 67.0±6.4 71.6±4.1 46.6±0.1 99.7±5.8 

15 13.0 207.9 44.7±19.0 0.7±6.7 77.5±3.4 5.5±6.5 61.1±12.1 0.0±6.4 

16 13.0 335.1 56.2±5.4 15.1±2.9 86.3±1.4 18.0±3.6 56.3±1.8 26.6±4.7 

17 16.8 1485.8 49.0±1.8 11.3±3.9 77.2±1.5 12.7±6.3 49.6±1.8 17.7±7 

18 15.2 0.0 (-980.1) 40.3±1.9 4.8±1.6 67.3±2.2 3.2±5.6 45.3±1.8 4.9±5.5 

19 14.3 364.9 56.6±5.7 23.9±2.6 86.3±1.6 25.4±2.9 54.7±6.2 29.6±5.9 

20 10.6 52.8 47.4±4.9 10.1±15.5 77.9±1.0 19±16.4 45.4±7.2 7.5±3.6 

21 18.7 100.9 58.8±6.9 86.5±5.3 85.5±1.3 92.4±0.5 56.5±0.5 99.8±3.1 

22 16.8 0.0 (-112.9) 36.8±3.1 2.5±5.6 60.4±0.5 4.5±7.3 35.4±1.2 2.3±2.4 

23 19.8 1501.2 22.2±6.9 90.6±12.7 59.8±4.2 94.3±1.3 41.2±0.3 100±5.7 

24 17.8 239.3 32.1±9.5 26.8±5.1 50.3±1.7 25.2±4.0 40.6±5.6 42±6.3 

25 16.8 577.9 39.0±1.1 12.1±2.8 66.7±3.1 13±2.9 42.6±3.2 20.5±4.6 

26 26.3 194.7 72.5±1.4 90.3±5.3 96.8±0.0 94.6±0.9 60.3±0.4 98.4±6.3 

27 6.4 46.4 48.0±3.7 32.4±4.4 88.1±1.5 40.4±2.8 43.1±3.5 77.8±3.9 

28 11.1 0.0 (-248.1) 21.5±22.0 7.0±4.4 55.6±8.5 4.9±8.2 50.3±10.2 9.3±9.3 

29 21.8 122.4 75.9±2.0 81.6±3.5 96.7±0.3 86.8±1.0 63.6±1.5 93.4±5.6 

30 25.1 170.6 65.2±4.3 82.0±6.0 95.7±0.4 87.9±1.0 56.8±1.3 95.0±6.4 

31 14.4 171.9 39.1±8.2 60.6±13.2 92.6±2.8 79.4±3.7 68.4±0.0 100±6.8 



 

74 

32 16.8 67.4 66.2±2.9 55.5±5.3 96.2±0.5 64.9±4.1 61.1±4.2 73.4±3.9 

33 26.1 107.4 74.2±4.0 87.4±6.2 95.5±0.3 93.1±0.7 63.4±0.3 99.3±2.5 

34 11.8 329.4 43.5±2.4 6.5±4.7 74.3±1.7 7.8±2.7 51.8±3.4 5.7±5.5 

35 2563.0 137.0 12.3±37.0 46.8±10.7 71.2±7.7 66.3±6.4 79.2±0.0 100±5.53 

36 8.1 143.0 54.6±4.3 76.1±7.7 93.9±1.3 79.2±5.4 47.7±0.6 97.8±4.2 

37 16.7 1506.9 22.2±6.9 89.8±14.8 59.8±4.2 94.1±1.7 40.3±0.3 98.6±5.6 

38 2.9 43.7 20.9±4.1 9.1±7.5 62.5±3.9 25.5±10.7 38.2±9.3 48.7±6.6 

39 15.1 224.8 56.8±1.6 26.9±3.3 85.8±1.6 29.3±2.6 53.1±3.9 39.4±4.4 

40 5.0 73.9 32.0±10.5 6.9±6.5 72.4±7.7 7.7±7.3 57.5±13.2 1.8±2.4 

41 6.8 9915.0 47.2±4.7 7.3±4.8 85.9±0.2 8.2±3.4 50.8±3.9 57.5±2.6 

42 15.3 84.6 55.9±3.4 61.0±4.1 86.1±1.5 67.9±2.1 54.3±4.5 75.1±4.3 

43 8.6 268.7 49.8±5.1 23.8±2.9 87.2±1.3 25.3±4.5 43.8±5.1 68.7±4.4 

44 24.4 143.3 77.3±3.7 89.0±4.1 97.5±0.1 93.4±0.7 64.3±0.6 97.2±5.0 

45 12.7 359.4 46.8±1.9 24.4±3.0 78.0±2.2 25.6±3.9 49.3±4.7 44.0±4.8 

46 11.9 0.0 (255.6) 43.8±2.6 0.0±4.6 74.8±0.9 1.2±5.6 42.2±2.9 7.6±3.6 

47 11.2 0.0 (1997.2) 38.8±1.2 0.0±2.3 74.0±1.6 0.0±7.0 40.6±3.8 3.7±2.4 

48 15.9 0.0 (-405.0) 34.9±4.7 5.1±6.1 57.5±2.2 2.2±4.3 48.1±8.3 3.1±7.7 

49 17.6 0.0 (-98.6) 24.7±7.6 0.0±10.3 47.1±6.3 0.0±11.4 53.9±10.3 0.0±3.7 

50 11.9 59.5 58.6±2.9 56.7±4.6 91.1±1.2 64.3±2.2 53.6±5.0 71.4±4.2 

51 1.7 1633.2 40.0±3.9 85.8±20.1 83.3±3.1 91.1±2.8 60.6±0.1 99.7±6.0 

52 18.8 435.3 36.8±0.9 12.7±3.2 58.9±2.5 13.6±4.5 41.9±3.8 17.8±5.5 

53 15.5 212.6 52.7±2.5 32.4±2.8 79.3±1.8 35.9±3.4 51.0±5.7 47.7±4.9 

54 3.1 162.1 15.2±13.0 80.5±5.2 41.8±3.0 86.3±2.9 45.3±1.0 96.1±3.0 

55 2.2 197.6 31.1±1.8 85.9±7.8 69.5±5.0 91.4±2.0 56.0±0.3 98.5±4.9 

56 10.5 57.3 52.5±4.0 41.0±6.1 89.2±1.0 51.7±7.0 43.3±2.1 88.9±4.9 

57 14.5 60.3 59.9±4.5 12.1±11.1 90.3±5.0 20.8±2.6 52.1±1.8 14.6±4.9 

58 116.1 927.3 91.5±2.3 94.7±15.4 99.4±0.0 92.8±6.8 76.4±0.2 99.6±5.3 

59 15.3 0.0 (60.9) 47.5±8.0 0.1±5.2 71.8±4.7 2.4±7.1 58.2±6.7 5.6±6.0 

60 16.3 102.7 57.8±6.9 87.4±4.9 88.2±2.9 92.8±0.6 59.1±0.2 98.6±4.2 

61 13.7 1780.0 62.4±6.9 25.6±2.4 94.7±0.4 23.8±3.9 55.9±6.3 33.1±5.3 

62 29.0 0.0 (6538.3) 20.5±5.9 0.0±5.3 32.3±4.4 0.3±7.8 28.2±5.4 8.4±7.7 

63 9.9 0.0 (-10733.6) 39.0±5.5 0.0±6.3 71.5±1.1 0.0±4.0 35.4±3.1 8.0±4.0 

64 11.0 244.0 44.4±12.0 19.2±6.2 78.9±2.5 22.1±5.8 47.9±4.7 31.7±5.9 

65 43.7 222.3 84.7±1.7 94.1±3.8 99.3±0.1 97.0±0.1 74.2±0.2 99.3±4.7 

66 14.4 179.5 40.4±2.5 91.5±4.0 73.0±1.8 95.1±1.1 42.7±0.5 97.9±3.8 

67 17.0 2055.4 43.6±1.3 14.4±4.0 70.2±1.8 16.0±2.9 45.1±6.7 23.1±4.6 

68 16.5 9346.4 41.5±4.5 71.2±3.6 84.4±4.2 72.0±0.3 42.2±0.2 99.3±15 
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69 14.3 73.7 63.2±3.4 62.6±3.2 92.5±0.9 70.2±1.9 55.9±3.8 78.5±4.7 

70 18.3 1477.0 68.6±3.7 11.3±3.9 95.0±0.5 12.7±6.3 58.2±3.1 82.6±6.2 

71 2.0 1538.2 53.6±3.6 62.6±12.3 93.7±1.2 72.5±2.5 69.0±0.0 99.9±5.4 

72 10.3 114.0 38.6±18 13.9±10.9 74.5±2.7 14.1±10.0 53.9±12.2 10.8±4.1 

73 10.0 341.5 35.9±14.0 25.7±3.6 71.1±4.1 26.9±3.8 43.4±5.0 41.7±4.5 

74 10.4 1097.2 50.7±7.7 14.3±4.6 83.2±2.8 15.9±2.7 53.0±2.6 20.9±3.6 

75 15.1 240.2 41.2±0.5 10.9±2.7 66.9±2.4 12.8±3.5 48.9±5.4 15.7±6.1 

76 16.5 74.3 71.1±2.9 79.5±4.2 98.4±0.2 86.4±1.3 60.8±2.2 91.2±4.6 

77 5.1 5239.8 11.5±1.8 66.6±12.1 46.5±6.4 81.0±6.7 38.1±0.2 99.4±5.3 

78 12.1 55.6 60.2±3.1 61.4±5.7 92.6±1.2 70.5±2.1 55.0±3.2 82.5±5.6 

79 264.0 753.4 92±2.3 92.3±7.1 99.5±0.0 95.3±0.8 79.6±0.1 99.7±2.5 

80 14.3 898.8 55.5±2.5 95.1±10.5 90.9±1.5 97.9±0.3 65.6±0.0 100±5.3 

81 3.8 87.2 28.5±2.1 12.5±3.1 73.7±0.8 18.0±5.1 27.5±2.6 73.7±3.4 

82 5.5 5259.9 13.9±2.5 59.8±17.6 51.8±6.3 72.9±5.2 38.9±0.2 99.4±6.0 

83 6.3 35.5 41.9±4.0 46.5±3.6 84.3±1.7 58.2±2.9 37.9±5.2 73.2±2.1 

 

a. Number was used to represent the respective MP with reference to the identification tag 

provided in Appendix A; 

b. kobs (g mg-1 min-1) was calculated with Ho and McKay pseudo second model; 

c. R represents removal percentage relative to control experiments. 
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E. Results of LSER model 

Table E1: Summary table of the full model with all 5 solvatochromic descriptors (H, H, H, R, V) 

Descriptors Coefficientsa Std. Errorb t valuec Pr (> | t | )d 

Intercept -2.9622 0.4800 -6.172 5.16e-07 

MV (V) 2.1530 0.2167 9.937 1.37e-11 

AC (H) 0.4085 0.2743 1.489 0.146 

BH (H) 0.0128 0.1395 0.092 0.927 

Pi (H) 0.1810 0.2354 0.769 0.447 

ER (R) 0.2576 0.2144 1.202 0.238 

 

a. Regression coefficients represent the mean change in the response variable (log 𝐾∞) for 

one unit of change in the descriptor (H, H, H, R or V) while holding other descriptors 

as constants; 

b. The standard error is an estimate of the standard deviation of respective regression 

coefficient; 

c. The t value is the coefficient divided by its standard error; 

d. The p-value is determined by comparing the t value to the respective t distribution and 

small p-value indicates high significance of the regression coefficient. 
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Table E2: Summary table of the reduced model with 4 solvatochromic descriptors (H, H, R, V) 

Descriptors Coefficients Std. Error t value Pr (> | t | ) 

Intercept -2.9615 0.4731 -6.260 3.51e-07 

MV (V) 2.1529 0.2136 10.081 6.86e-12 

AC (H) 0.4128 0.2664 1.550 0.130 

Pi (H) 0.1956 0.1715 1.140 0.262 

ER (R) 0.2504 0.1968 1.273 0.212 
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Table E3: Analysis of variance table of 5 solvatochromic descriptors (H, H, H, R, V) 

Descriptors 
Degree of 

freedoma 

Sum of 

Squareb 

Mean of 

Squarec F valued Pr (> F)e 

MV (V) 1 24.0007 24.0007 115.5927 1.77e-12 

AC (H) 1 0.9041 0.9041 4.3543 0.0445 

BH (H) 1 02108 02108 1.0151 0.3208 

Pi (H) 1 0.7573 0.7573 3.6474 0.0646 

ER (R) 1 0.2999 0.2999 1.4443 0.2378 

Residuals 34 7.0595 0.2076   

 

a. The degree of freedom of the respective descriptor; 

b. The sum of square indicates the variation attributed to the respective descriptor; 

c. The mean of square is the sum of square divided by the degree of freedom of the 

respective descriptor; 

d. The F value is the mean of square of the descriptor divided by that of the residuals; 

e. The p-value is determined by comparing the F value to the respective F distribution and 

small p-value indicates high influence of the descriptor. 
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Table E4: Analysis of variance table of the full model and the reduced model 

Model 
Residual Degree 

of freedom 

Residual Sum 

of Square 

Degree of 

freedoma Sum of Squareb F valuec Pr (> F)d 

Reduced 35 7.0612 ---- ------ ---- ---- 

Full 34 7.0595 1 0.0018 0.0085 0.9272 

 

a. The difference between the degree of freedom of the full model and the reduced model; 

b. The difference between the residual sum of square of the full model and the reduced 

model; 

c. The F value is the value calculated in b. divided by the mean residual sum of square of 

the reduced model; 

d. The p-value is determined by comparing the F value to the respective F distribution and 

small p-value indicates high influence of the descriptor. 


