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INTRODUCTION 
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1 The occurrence of organic micro-pollutants 

Various pharmaceutically active compounds, pesticides and personal care products, 

known as organic micro-pollutants (OMPs), are present in drinking water sources and in 

wastewater treatment plant (WWTP) effluent. Drinking water of impaired quality, 

contaminated with a high level of OMPs, significantly threatens public health (Kolpin et al., 

2002; Pal et al., 2010; Stackelberg et al., 2004). Therefore, the level of OMPs in drinking 

water is strictly regulated in most countries (Australian Government National Health and 

Medical Research Council 2011; United States Environmental Protection Agency 2009; 

World Health Organization 2011). On the other hand, current WWTPs are not designed for 

OMP removal, giving rise to environmental pollution by OMPs that are discharged to the 

receiving water body. In response, in some countries, stricter regulations on OMP 

discharge with the WWTP effluent have been set (Swiss Federal Council 1998).  

A range of physical and chemical treatment technologies are found to be effective in 

reducing the level of OMPs in water, such as membrane filtration, adsorption and 

(advanced) oxidation (Bal and Dhagat 2001; Klavarioti et al., 2009; Siegrist and Joss 2012). 

Nanofiltration (NF) and reverse osmosis (RO) membranes reject a large range of OMPs, 

although the removal of OMPs seems to be incomplete and traces may still be detected in 

the permeate of NF and RO installations (Verliefde et al., 2007). A drawback of using 

NF/RO is its high costs and the generation of a waste stream that still contains OMPs. As an 

alternative, advanced oxidation can efficiently eliminate OMPs in an aqueous environment 

by inherently changing their structure (Esplugas et al., 2007; Wols and Hofman-Caris 

2012). However, the risk of toxic by-product formation arises due to incomplete 

degradation of OMPs and reactions with other compounds, such as bromide and humic 

acids in the water (von Gunten 2003b). In contrast, advanced water treatment with 

activated carbon typically decreases toxic effects (Guzzella et al., 2002; Magdeburg et al., 

2014), since compounds are adsorbed onto the material and thus removed from water.  
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2 Adsorption in drinking water treatment 

2.1 Adsorption principles 

Adsorption is a phase transfer process that is widely used to remove (organic) substances 

from fluid phases (Ali and Gupta 2006; Worch 2012). In water treatment, adsorption is 

defined as the process where solutes, dissolved in water (adsorbates), are removed onto 

solid surfaces (adsorbents). Adsorption is a dynamic process, where solute adsorption can 

happen simultaneously with desorption (Figure 1). When the rate of adsorption is equal to 

the rate of desorption, the system reaches equilibrium. For specific adsorbent and solute, , 

the equilibrium at constant temperature is determined by:  

- Solute concentration in water. In water with single solute, the solute loading on 

adsorbents increases with the increase of solute concentration.  

- Competing solutes. When competing solutes are present in water, they can 

replace the adsorbed solute. The loading of adsorbed solutes on adsorbents will 

thus decrease (Ruthven 1984). 

Figure 1 The adsorption equilibrium in water.  

2.2 Applications of activated carbon in water treatment 

In drinking water treatment, activated carbon is the most widely used adsorbent to 

remove undesirable odour, taste, colour, and OMPs. Currently, activated carbon adsorption 

is applied in all Dutch drinking water treatment plants with surface water sources .  

Activated carbon can adsorb a broad spectrum of OMPs in water, due to the well-

developed pores and high-degree of surface reactivity (Delgado et al., 2012; Mailler et al., 

2015). Activated carbon contains pores with a large range of sizes: Micropores, mesopores 
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and macropores with diameters of < 2 nm, 2 – 50 nm and > 50 nm, respectively. OMPs are 

mainly adsorbed in the micropores, while mesopores and macropores act as the diffusion 

routes for OMPs (Ebie et al., 2001). The functional groups and the charges on the carbon 

surface will affect the affinity of OMPs for activated carbon (Karanfil and Kilduff 1999; Li et 

al., 2002; Newcombe et al., 1993).  

Used activated carbon with toxic residues need to be decomposed or disposed. Saturated 

activated carbon in granular form can be regenerated off-site by heating. Adsorbed OMPs 

will decompose and desorb from carbon during regeneration at a temperature of up to 

1000 °C (Tipnis and Harriott 1986). Normally, thermal regeneration cause 4 - 10% carbon 

loss (Hutchins 1973). Powdered activated carbon is also dosed in water to remove OMPs. 

However, powdered activated carbon  cannot be regenerated, leaving undesired toxic 

residues, which need further treatment before re-entering the environment.  

OMP adsorption onto activated carbon can be hampered by the competition with natural 

organic matter (NOM) in water (Pelekani and Snoeyink 1999; Zietzschmann et al., 2014b). 

Due to a large variation in pore sizes in the activated carbon, NOM is able to compete with 

the OMPs which increases the regeneration frequency for activated carbon (Hepplewhite 

et al., 2004; Newcombe et al., 2002). Besides competition, the relatively large NOM 

molecules are also known to block pores in the activated carbon. Pore access is thus 

restricted for solutes and the effective adsorption surface is reduced (Hung et al., 2005; Li 

et al., 2003a). To avoid their costly regeneration/replacement and the negative effect of 

NOM on OMP adsorption,  a sound alternative for activated carbon is urgently needed.  

3 High-silica zeolites 

Zeolites are highly structured porous minerals with pore diameters that are too small for 

NOM molecules to enter (Auerbach et al., 2003; Baerlocher et al., 2007), thus avoiding the 

negative influence of NOM that is observed for activated carbon (Hung et al., 2005). 

Besides, high-silica zeolites have hydrophobic surfaces (Lobo 1997), which could prevent 

water competition with OMP adsorption from water. Higher adsorption efficiencies of 

zeolites as compared to activated carbon have been reported for, e.g. methyl tertiary-butyl 

ether (MTBE) (Abu-Lail et al., 2010; Gonzalez-Olmos et al., 2013; Li et al., 2003b; Rossner 

and Knappe 2008) and various nitrosamines (de Ridder et al., 2012). Moreover, zeolites 
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are stable in oxidative conditions, which potentially guarantees the quality and quantity 

during oxidative regeneration processes (Liu et al., 2014a; Zhang et al., 2014), being a 

potential for regeneration and operated on-site in the water treatment plant. High-silica 

zeolites are thus expected to be potential alternative adsorbents for activated carbon in 

drinking water treatment. 

Compared to the studies on activated carbon, only a few studies have been conducted on 

high-silica zeolites for OMP removal from water. Numerous OMPs with a variety of 

properties are present in drinking water sources (Luo et al., 2014; Schwarzenbach et al., 

2006), while zeolite research has mainly focused on specifically adsorbing OMPs 

(Anderson 2000; Damjanovic et al., 2010; de Ridder et al., 2012; Rakic et al., 2010; Rossner 

et al., 2009). There is limited insight in the adsorption mechanisms where zeolites need to 

adsorb a broad range of OMPs. In addition, more studies are needed for adsorption 

mechanisms of multi OMPs on specific high-silica zeolites in the presence of NOM.  

4 Thesis research framework 

Therefore, the objective of this research is to obtain further knowledge on the adsorption 

mechanisms of high-silica zeolites for a broad spectrum of OMPs, in order to establish an 

alternative adsorption technology in the current drinking water treatment by the 

application of high-silica zeolites.  

To meet the objective stated above, the following research questions were proposed. The 

individual research questions were addressed in the chapters of the thesis as listed below:  

Research question 1: What is the current understanding of OMP adsorption on high-

silica zeolites?  

Chapter 2 reflects a literature study focusing on the available knowledge on the 

adsorption of OMPs on high-silica zeolites. The physiochemical properties of high-silica 

zeolites relating to OMP adsorption were introduced. By reviewing the present 

publications, the already-known OMP adsorption mechanisms on high-silica zeolites was 

summarized. From there, the feasibility of high-silica zeolites for water treatment was 

identified, based on the existing knowledge. 
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Research question 2: What are the OMP adsorption mechanisms on high-silica 

zeolites?  

Chapter 3 describes the adsorption efficacies and mechanisms of OMPs with a variety of 

properties on different high-silica zeolites in the batch experiments. The OMP adsorption 

efficacies were related to the characteristics of OMPs, e.g. molecular sizes and water 

affinities, as well as the properties of high-silica zeolites, e.g. porous structures and surface 

properties. On this basis, the dominant adsorption mechanisms were concluded. The 

featured adsorption mechanisms of high-silica zeolites were highlighted by comparing 

high-silica zeolites from this study with other commonly used adsorbents, e.g. activated 

carbon and clays described in literature.  

In Chapter 4, a Monte Carlo (MC) simulation is represented to better understand the 

adsorption mechanisms of OMPs on high-silica zeolites. The main focus was on the 

occurrence of S-shaped adsorption isotherms, which were firstly observed during OMP 

adsorption on high-silica zeolites. MC simulation, providing the necessary atomistic 

resolution, could support the experiments in order to promote a deeper understanding of 

the governing adsorption mechanisms of OMPs on high-silica zeolites.  

Research question 3: How does NOM affect OMP adsorption on high-silica zeolites? 

In Chapter 5, the effect of NOM on OMP adsorption on high-silica zeolites is described. The 

OMP adsorption efficiencies in water without and in the presence of NOM were compared 

for high-silica zeolites with different porous structures. The effect of OMP characteristics, 

e.g. hydrophobicity/hydrophilicity, charge and molecular sizes, on the adsorption 

efficacies of OMPs in the presence of NOM were studied. The mechanisms of NOM affecting 

OMP adsorption on high-silica zeolites were discussed in this chapter.  

The general conclusions and outlook are given in Chapter 6. 



CHAPTER 2 

HIGH-SILICA ZEOLITES FOR ADSORPTION OF 

ORGANIC MICRO-POLLUTANTS IN WATER 

TREATMENT: A REVIEW  

This chapter is based on: Jiang, N., Shang, R., Heijman, S.G., & Rietveld, L.C. (2018). 

High-silica zeolites for adsorption of organic micro-pollutants in water treatment: A 

review. Water research, 144, 145-161.  
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Abstract 

High-silica zeolites have been found to be effective adsorbents for the removal of organic 

micro-pollutants (OMPs) from impaired water, including various pharmaceuticals, 

personal care products, industrial chemicals, etc. In this review, the properties and 

fundamentals of high-silica zeolites are summarised. Recent research on mechanisms and 

efficiencies of OMP adsorption by high-silica zeolites are reviewed to assess the potential 

opportunities and challenges for the application of high-silica zeolites for OMP adsorption 

in water treatment. It is concluded that the adsorption capacities are well-related to 

surface hydrophobicity/hydrophilicity and structural features, e.g. micropore volume and 

pore size of high-silica zeolites, as well as the properties of OMPs. By using high-silica 

zeolites, the undesired competitive adsorption of background organic matter (NOM) in 

natural water could potentially be prevented. In addition, oxidative regeneration could be 

applied on-site to restore the adsorption capacity of zeolites for OMPs and prevent the 

toxic residues from re-entering the environment.  

1. Introduction

Organic micro-pollutants (OMPs) have become a worldwide issue of increasing 

environmental concern (Petrie et al., 2015; Schwarzenbach et al., 2006). In the aquatic 

environment including drinking water sources and water bodies, OMPs are widely present 

at trace concentrations ranging from several ng L-1 to a few µg L-1 (Gracia-Lor et al., 2011; 

Hughes et al., 2013; Joss et al., 2008). The discharge of OMPs can be attributed to the 

diffuse sources of pesticides used in agriculture, industrial wastewater effluent, municipal 

wastewater effluent, etc (Eggen et al., 2014; Gerecke et al., 2002; Lefebvre and Moletta 

2006; Michael et al., 2013). The occurrence of OMPs does not only raise toxicological 

concerns in the aquatic environment (Alan et al., 2008; Santos et al., 2010), but also 

threatens public health if present in drinking water (Kolpin et al., 2002; Pal et al., 2010; 

Reemtsma et al., 2016; Stackelberg et al., 2004).  

Adsorption of OMPs by porous materials, typically activated carbon, is known as one of the 

most effective processes for OMP removal and is thus widely deployed (Ahmaruzzaman 

2010; Alsbaiee et al., 2016; Stackelberg et al., 2007). Activated carbon adsorbs a broad 

spectrum of OMPs (Delgado et al., 2012; Karanfil and Kilduff 1999; Rossner et al., 2009; 
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Snyder et al., 2007) due to the well-developed pore structure, large surface area and high 

degree of surface reactivity (Dias et al., 2007; Marsh et al., 1997; Moreno-Castilla 2004). 

However, used adsorbents, with their resultant toxic residues, need to be either 

decomposed or disposed (Omorogie et al., 2016). To restore the adsorption capacity of 

used activated carbon and prevent the toxic residues from re-entering the environment, 

thermal regeneration of activated carbon has been a common practice. During the thermal 

regeneration process, OMPs that are adsorbed by activated carbon are eliminated by 

vaporization, pyrolysis and gasification (Sabio et al., 2004; Suzuki et al., 1978; Van Vliet 

1991). Nevertheless, the regeneration processes considerably influence the pore structure 

and chemical functional groups in the activated carbon, which then deteriorates their OMP 

adsorption performance (Cooney et al., 1983; Martin and Ng 1984). Thermal regeneration 

of activated carbon could also cause carbon loss of up to 10% in mass (Hutchins 1973; 

Tipnis and Harriott 1986). New activated carbon has to be purchased and added into the 

process. Moreover, the OMP adsorption efficiency of activated carbon might be lowered by 

the co-existence of natural organic matter (NOM) with OMPs, which will reduce the 

operational period between activated carbon regeneration events (Narbaitz and Cen 1997; 

Pelekani and Snoeyink 1999; Schork and Fair 1988; Zietzschmann et al., 2014b). 

As a feasible alternative, zeolites are crystalline aluminosilicates with orderly distributed 

and uniformly sized micropores (with a pore diameter less than 2nm) (Li and Yu 2014). 

Owing to the featured porous properties and chemical composition (Table 1), zeolites can 

act as molecular sieves and catalysts which are used in the fields of air-pollution 

remediation, removal of volatile organic compounds, gas separation and catalytic 

conversion of biomass, etc (Alonso et al., 2017; Ennaert et al., 2016; Li et al., 2017; Perego 

et al., 2017; Shi et al., 2017; Sun and Wang 2014; Zhang et al., 2016). Based on the unique 

structural characteristics, framework types of zeolites are defined (refer to Section 2). To 

date, 235 zeolite frameworks have been assigned at the Structure Commission of the 

International Zeolite Association (IZA-SC) (Baerlocher and McCusker 2017).  

The properties of zeolites vary by the proportion of silica and aluminium content, namely 

the silica to aluminium ratio (Si/Al ratio). Low-silica zeolites with a Si/Al ratio less than 2 

have excellent ion exchange capacity. In the field of water treatment, low-silica zeolites can 

therefore be applied for softening (Wajima 2012) (Table 1), removal of ammonium 

(Burgess et al., 2004; Farkas et al., 2005; Kwakye-Awuah et al., 2014), and removal of 

http://www.iza-structure.org/
http://www.iza-online.org/
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heavy metals e.g. zinc (Cerjan Stefanović et al., 2007; Katsou et al., 2010a; Purna Chandra 

Rao et al., 2006), nickel (Álvarez-Ayuso et al., 2003; Çoruh and Ergun 2009; Katsou et al., 

2010b), copper (Ursini et al., 2006) and cadmium (Terbouche et al., 2011).  

Table 1. Basic physicochemical properties and the featured application for water treatment of 

zeolite and activated carbon.  

Zeolite Activated carbon 

Porous structure Uniformed micropores a Micropores (< 2 nm), mesopores (2 – 
50 nm) and macropores (> 50nm) d 

Chemical composition Si, Al, O and cations a C, H, N, S and O d 

Surface area 300 – 2300 m2 g-1 b 800 – 1500 m2 g-1 d 

Featured application for 
water treatment 

Water hardness control 
ingredients in detergents c 

Adsorbents for removal of colour, 
odour, taste and other undesirable 
organics in the industrial and 
municipal treatment plants d 

a (McCusker and Baerlocher 2001) 
b Computational Characteristic molecule diameter of 0.6 nm. (First et al., 2011) 
c (Maesen and Marcus 2001) 
d (Bansal and Goyal 2005) 

High-silica zeolites (Figure 1) with Si/Al ratios up to several thousands are industrially 

manufactured by replacing the aluminium contents with silica (Burton 2018; Burton et al., 

2005). The hydrophobicity of these zeolites provides favourable characteristics for OMP 

adsorption in aqueous solutions (Maesen 2007; Tsitsishvili 1973). Currently, high-silica 

zeolite powders have been proven to be effective adsorbents for the removal of OMPs from 

water, including pharmaceuticals, personal care products and industrial chemicals, based 

on information provided only by batch tests (Damjanovic et al., 2010; Rakic et al., 2010; 

Rossner et al., 2009). However, the application of high-silica zeolite granules in full-scale 

water treatment has not been realized yet.  
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(a)  (b)  

Figure 1. Commercial high-silica zeolite (a) powders; (b) granules with cylindrical and spherical 

shapes. 

As a type of aluminosilicate crystal, zeolites are stable in oxidative conditions, which 

potentially guarantees the regeneration of zeolites by (advanced) oxidation without 

compromising their surface properties and  pore structure (Liu et al., 2014a; Zhang et al., 

2014). Combining zeolite adsorption and oxidation regeneration can restore the 

adsorption capacity of zeolites in situ and degrade or mineralize OMPs (Zhang et al., 2014). 

Concentrated toxic residues from the adsorption process will be thus minimized by 

oxidation. Therefore, effective oxidative regeneration of zeolites without impairing the 

quality and quantity of adsorbents could be a key advantage over activated carbon as a 

benchmark technology.  

In this review, the literature on high-silica zeolites for OMP adsorption from water is 

reviewed, including the fundamentals of the zeolite frameworks, the physicochemical 

properties and their relation to OMP adsorption. The adsorption mechanisms of high-silica 

zeolite powders are elaborated by considering the properties of zeolites and variety of 

OMPs. Examples of the application of high-silica zeolite granules are presented. Finally, the 

potential opportunities and challenges of applying high-silica zeolites to water treatment 

are discussed.  

2. Physicochemical properties of high-silica zeolites  

Zeolites have a 3-dimensional structure constructed by TO4 tetrahedra, where the T atom 

is either a Si4+ or Al3+ atom located in the centre of an oxygen tetrahedron. Since each Al3+ 

atom introduces one negative charge, the same number of cations can associate loosely 

with the tetrahedral-coordinated Al3+ to neutralize the entire framework. The ratio of Si4+ 
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and Al3+ in the framework, known as the silica-to-alumina ratio, is commonly written as 

either SiO2/Al2O3 mole ratio or Si/Al mole ratio by different authors. In this review, the 

Si/Al ratio is used to describe the hydrophobicity of zeolite surface, which is two times of 

the SiO2/Al2O3 mole ratio (McCusker and Baerlocher 2001).  

The framework of zeolites describes the connectivity of the tetrahedrally coordinated 

atoms (T-atoms) without reference to elemental composition. The framework type 

exclusively defines the structural properties of zeolites including pore opening, cage and 

channel structure (McCusker and Baerlocher 2001).   

• The pore opening of zeolites, composed by T atoms and the connected oxygen

atoms, is the entry of a cage or a channel which will decide the entering of OMPs.

The pores with more T atoms/oxygen atoms have larger sizes. The pore opening

could be described as an n-ring, e.g. 8-, 10-, and 12-rings, where n represents the

number of T or oxygen atoms.

(a) (b) (c) (d) 

Figure 2. Examples of pore opening of zeolites (Baerlocher et al., 2007). (a) 12-ring opening in 

FAU zeolites, (b) 8-ring & 12-ring opening in MOR zeolites, (c) 12-ring opening in BEA zeolites, (d) 

10-ring opening in MFI zeolites (framework type codes of the zeolites, referring to Table 2). 

• The pore space of zeolites is parcelled into cages and/or channels. Cages, also

called cavities, are the polyhedral units in zeolites, while channels in zeolites are

composed by linked polyhedral units. The channels of zeolites vary from straight

to sinusoidal forms or from wide to narrow. Many adsorption-related properties

of zeolites, e.g. surface area and pore volume, are decided by the features of the

cages and channels.
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(a) (b) 

Figure 3. Examples of cages and channels of zeolites (a) Schematic representation showing cages 

in FAU type zeolites (Baerlocher et al., 2007), (b) ‘hollow-tube’ representation showing channels in 

MFI zeolites (Rhodes 2010) (FAU and MFI are framework type codes of the zeolites, referring to 

Table 2) 

Table 2. Key properties of four commonly used frameworks of zeolites. 

Framework 
Ring number and 
pore opening size a  

Framework 
density a  Accessible 

Area  
(m2 g-1) b 

Maximum diameter of a 
sphere b 

Type Structure a Å×Å Å×Å 
T atoms  
(Å3)-1 

can be  
included 
(Å) 

can diffuse 
along (Å*Å*Å) 

FAU 
12 ring 
7.4×7.4 

12.7 1211.42 11.24 7.35*7.35*7.35 

MOR 
12 ring 
6.5×7.4 

8 ring 
2.6×5.7 

17.2 1010.22 6.70 1.57*2.95*6.45 

BEA 
12 ring 
6.6×6.7 

12 ring 
5.6×5.6 

15.1 1220.45 6.68 5.95*5.95*5.95 

MFI 
10 ring 
5.1×5.5 

10 ring 
5.3×5.6 17.9 834.41 6.36 4.70*4.46*4.46 

a (Baerlocher et al., 2007) 
b The accessible area is the area of that surface visited by the centre of the water molecule in the idealised 
framework model. Accessible area and maximum diameter of a sphere were calculated by Mike Treacy, 
Arizona State University, using his codes "TOTOPOL" and "DelaneysDonkey." (Foster et al., 2006).  
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The structural features of high-silica zeolites are mostly determined by their framework 

types. A framework type represents a unique structure of channels and cages that will 

highly affect the adsorption efficiency of OMPs. FAU, MOR, MFI and BEA types of high-silica 

zeolites were selected for review, because they are the most commercially available and 

have been commonly studied for OMP adsorption. Their structural features are 

summarized in Table 2.  

All selected framework types contain a high accessible area (from 834 to 1220 m2 g-1 in 

Table 2) for the adsorption of both water and organic compounds. The framework density 

is related to the pore volume such that zeolites with a lower framework density have a 

higher pore volume (Meier and Baerlocher 1999). The pore volume of zeolites would 

follow the opposite order of framework density, namely FAU > BEA > MOR > MFI (Table 2). 

The effect of pore volume on OMP adsorption will be discussed in section 3.1.  

The properties of high-silica zeolites with the same framework type and Si/Al ratio vary. 

Theoretically, ideally crystalized zeolites with the same framework type and Si/Al ratio 

show identical properties. However, high-silica zeolites are synthesised from low-silica 

zeolites by dealuminating, which would bring defects to the framework (Yu et al., 2007). 

Therefore, the micropore volume of high-silica zeolites with the same framework types 

could vary (Yonli et al., 2012). Their actual surface area is usually less than what would be 

found in the ideal framework (Dubinin 1967). In addition, mesopores in zeolites, 

generated during the dealumination process, account for a small portion of the entire 

surface area of zeolites, mainly as external surface area (Yonli et al., 2012). As a result, the 

adsorption efficiency of the “same type” high-silica zeolites is similar but to some extent 

different due to the variation in properties.  

3. Adsorption mechanisms and factors affecting the adsorption of

OMPs by high-silica zeolite powders  

In aqueous solutions, the overall adsorption efficiency of OMPs by high-silica zeolite 

powders is represented in Equation 2-1 (Israelachvili 2015):  

𝑊𝑊𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑊𝑊𝑜𝑜𝑜𝑜 + 𝑊𝑊𝑜𝑜𝑜𝑜 −𝑊𝑊𝑜𝑜𝑜𝑜 −𝑊𝑊𝑜𝑜𝑜𝑜 Equation 1 
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where Wij is the work to separate two phases, i and j, and the subscripts z, o and w refer to 

zeolite, OMP and water, respectively. Wozw is the work of adhesion of the OMP to zeolites in 

water, e.g. the adsorption energy of the OMP by the zeolite in aqueous solution, which will 

decide the adsorption efficiency. Water cohesion (Www) describes the interaction between 

water molecules. In the discussion, water cohesion is regarded as a constant parameter 

with negligible effect on adsorption efficiency. The OMP adsorption efficiency by high-

silica zeolites will depend on the OMP-zeolite interaction (WOZ), zeolite-water interactions, 

(WZW) and OMP-water interactions (WOW), which will include the effect of structural 

features, surface hydrophobicity and existing adsorption sites of high-silica zeolites as well 

as characteristics of OMPs.  

3.1 Structural features and framework types of high-silica zeolites 

The adsorption of OMPs primarily takes place in the micropores of the high-silica zeolites. 

In many studies, the adsorption saturations were observed and the isotherms were fitted 

by the Langmuir model (Table 4), which indicate the occurrence of monolayer adsorption 

in micropores (Sing 1985). In some cases, mesopores could still provide additional 

accommodation for OMPs (Martucci et al., 2012). For example, when adsorption takes 

place in the presence of high concentrations of organic solutions (g L-1), a strong 

adsorption driving force at the high equilibrium concentration may lead to pore filling in 

the mesopores, which will increase the adsorption capacity. During the pore filling process, 

both adsorption and absorption may occur (Damjanovic et al., 2010).  

The adsorption capacity of zeolites can thus be well-correlated to their microporous 

volume. Several studies found that FAU and BEA zeolites with larger micropore volumes 

showed a higher adsorption capacity for OMPs (Koubaissy et al., 2012; Reungoat et al., 

2007; Yonli et al., 2012). As an example, FAU zeolite was found to have a higher adsorption 

capacity for nitrobenzene than BEA, MFI and MOR type zeolites (Reungoat et al., 2007). 

Compared to MFI type zeolites, BEA also has a higher adsorption capacity for phenol, 

dichlorophenol and nitrobenzene since the BEA type framework possesses a higher 

micropore volume (Damjanovic et al., 2010; Koubaissy et al., 2008; Reungoat et al., 2007).  

The pore opening size of zeolites determines the diffusivity and accessibility of the OMPs 

during the adsorption process. OMPs with a molecular size smaller than the pore opening 

size of zeolites can easily diffuse inside zeolite powders due to negligible steric hindrance 
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(Roque-Malherbe et al., 1995; Rungsirisakun et al., 2006). Certain OMP molecules, e.g. 

carbamazepine, may form molecular chains of enlarged size due to the molecular 

interactions. The molecular chain of carbamazepine could enter the FAU zeolite, which has 

a large pore opening size, but could not enter the MOR and MFI zeolites, which have 

narrow channel openings (Martucci et al., 2012). The adsorption of OMPs is minimal when 

the size of OMPs are larger than the pore opening size of zeolites. Zeolites would then 

behave as molecular sieves, resulting in the exclusion of OMPs from the framework of 

zeolites (Rouquerol et al., 2013).  

Multiple studies showed that OMPs with environmentally relevant concentrations, ranging 

from ng L-1 to µg L-1, were preferably adsorbed by high-silica zeolites with pore sizes 

closely similar to the molecular size of OMPs, so-called close-fit theory (de Ridder et al., 

2012; Rossner et al., 2009). A common explanation is that the closely fitted pores may lead 

to strong interactions between OMPs and high-silica zeolites (de Ridder et al., 2012; 

Erdem-Senatalar et al., 2004; Rossner et al., 2009). Giaya and Thompson (2002a; 2002b) 

also suggested that the structure of water clusters might be disrupted in the well-fitted 

pores, which would promote the affinities for OMPs. For example, all seven tested N-

nitrosamine compounds (MW: 74 – 158 g mol-1, estimated stokes diameter 2.6 - 4.0 Å) with 

an initial concentration of 15 µg L-1 could not be removed by FAU zeolites, while MOR and 

MFI with small pore sizes (see Table 2) removed five N-nitrosamines from the seven tested 

compounds. MOR and MFI zeolites, possessing comparable pore opening and channel sizes 

as N-nitrosamine compounds, were thus suitable for their removal at these low 

concentration ranges (de Ridder et al., 2012). In another study, Rossner et al. (2009) 

compared the removal of 25 emerging OMPs (MW: 151 - 791 g mol-1, estimated spherical 

diameter: 6.5 – 9.5 Å) from lake water with initial concentrations less than 1 µg L-1 by MFI, 

MOR and FAU zeolites. A total of 15 OMPs were either partially or completely removed by 

MOR zeolites, while FAU could only remove 3 OMPs to an acceptable level. Two types of 

zeolites with relatively small pore openings, MFI zeolites with 10-ring pores and MOR 

zeolites with 12- & 8-ring pores, were proven to be effective for the adsorption of these 

low molecular weight OMPs at low concentrations. It was found that the molecular size of 

these OMPs was similar to the pore opening size or channel size of MFI and MOR zeolites.  
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3.2 Surface hydrophobicity and Si/Al ratio of high-silica zeolites 

Surface hydrophobicity is defined as the absence of ‘strong sorption’ of polar compounds, 

particularly water (Olson et al., 2000). Highly hydrophobic zeolites could prevent water 

uptake (Damjanovic et al., 2010; de Ridder et al., 2012). Thus, the pore blockage by water 

clusters could be inhibited, resulting in more pores of zeolites available for OMP diffusion 

and adsorption (de Ridder et al., 2012; Guvenc and Ahunbay 2012). 

The chemical composition of zeolites strongly influences the hydrophobicity and zeolite-

water interaction. Bolis et al., (2006) proposed that water molecules can interact with Al 

sites of zeolite framework. In addition, the hydrophobicity can be influenced by a small 

number of Si-OH species, which are located at the defects in the zeolites, since Si-OH 

species could adsorb water by forming stable adducts.  

For zeolites with the same framework type, the hydrophobicity increases with decreasing 

aluminium content, thus zeolites with higher Si/Al ratios are more hydrophobic(Chen 1976; 

Eberly Jr et al., 1971; Nakamoto and Takahashi 1982; Olson et al., 1980). It can be 

concluded that zeolites with higher Si/Al ratios (examples found in Table 3) exhibit a 

higher adsorption capacity than the zeolites of the same framework with a low Si/Al ratio 

(Anderson 2000; Damjanovic et al., 2010; Grieco and Ramarao 2013; Li et al., 2003b; 

Reungoat et al., 2007; Yonli et al., 2012). In the case of α-endosulfan and tris-2-chloroethyl 

phosphate adsorption, the zeolites with a higher Si/Al ratio, regardless of their slightly 

lower surface area, have a higher adsorption capacity for OMPs (Table 3). The adsorption 

of nicotine using zeolites, however, is an exception. Rakic et al., (2010) reported a higher 

adsorption capacity of nicotine on BEA zeolite with a lower Si/Al ratio. The results were 

driven by specific adsorption site interactions, which will be further explored in section 3.4.  

When the Si/Al ratio is high enough, the hydrophobicity of zeolites is no longer of 

significant importance because the effect of water competition and water cluster hindering 

has become negligible. Gonzalez-Olmos et al., (2013) found that by increasing the Si/Al 

ratio from 800 to 1366, MFI zeolites did not improve their adsorption capacity of MTBE, 

and even a slight decrease was observed when the surface area of zeolites increased from 

265 to 330 m2 g-1. In addition, the adsorption capacities for 4-chlorophenol increased by 28% 

when the Si/Al ratio increased from 504 to 2252, but there was little effect after further 

increase in the Si/Al ratio (Shu et al., 1997). For nitrobenzene, the adsorption capacity of 
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BEA and MFI zeolites were also related to its Si/Al ratio for those with a low Si/Al ratio. 

However, the adsorption capacity of zeolites became independent of the Si/Al ratio for 

ratios over 800 in this case (Reungoat et al., 2007).  

Table 3. The maximum adsorption capacities from the Langmuir isotherm by adjustment to the 

properties of zeolites for the adsorption of OMPs on high-silica zeolites.  

Adsorbate QL (mg g-1)a Si/Al ratio BET surface  
area (m2 g-1) 

C0  
(mg L-1)b 

Framework 
type of 
zeolite  

Reference 

Nitrobenzene 

75.6 84 531 600 BEA 

(Reungoat et 
al., 2007) 

95.0 196 700 600 BEA 

83.9 80 300 600 MFI 

118.7 200 300 600 MFI 

147.6 800 300 600 MFI 

135.7 1800 300 600 MFI 

α-endosulfan 

500.0 43 789 10-30 FAU 

(Yonli et al., 
2012) 

666.6 51 830 10-30 FAU 

833.3 68 825 10-30 FAU 

763.4 72 546 10-30 BEA 

787.4 126 594 10-30 BEA 

793.7 220 528 10-30 BEA 

Phenol 

28.2 30 392 ~2820 MFI 
(Damjanovic 
et al., 2010) 

31.0 80 425 ~2820 MFI 

38.5 280 400 ~2820 MFI 

Tris-2-chloroethyl 
phosphate  

76.6 50 680 10 BEA (Grieco and 
Ramarao 
2013) 103,0 600 620 10 BEA 

Methyl tert-butyl 
ether  

6.5 472 385 1-100 MFI 
(Gonzalez-
Olmos et al., 
2013) 

15.2 800 265 1-100 MFI 

14.1 1366 330 1-100 MFI 

Nicotine 
240 50 741 4.9 BEA (Rakic et al., 

2010) 60 172 650 4.9 BEA 

a QL is the maximum adsorption capacity of high-silica zeolites estimated from Langmuir isotherm.  
b C0 is the initial concentration of OMPs in the experiments.  

https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjcwMnxpaTJAhVCdQ8KHbZkC_4QFgghMAA&url=https%3A%2F%2Fnl.wikipedia.org%2Fwiki%2FMethyl-tert-butylether&usg=AFQjCNGKj7KqIkstRja_mtal_pr4AErSug&sig2=GwcUcwXCge6sZnpWcR06dQ
https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjcwMnxpaTJAhVCdQ8KHbZkC_4QFgghMAA&url=https%3A%2F%2Fnl.wikipedia.org%2Fwiki%2FMethyl-tert-butylether&usg=AFQjCNGKj7KqIkstRja_mtal_pr4AErSug&sig2=GwcUcwXCge6sZnpWcR06dQ
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Since the hydrophobicity of high-silica zeolites is well-related to Al content, the adsorption 

capacity could be strongly-correlated to the Al content (Al%) (Khalid et al., 2004), which 

can be expressed by: 

Al% = 𝐴𝐴𝐴𝐴
𝑆𝑆𝑆𝑆+𝐴𝐴𝐴𝐴

∗ 100% = 1
1+𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴⁄  𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑜𝑜

∗ 100% Equation 2 

For high-silica zeolites with the same framework, Al% of high-silica zeolites has a negative 

linear correlation with the adsorption capacity of various OMPs (Figure 4). Therefore, Al% 

may serve as an indicator of adsorption capacity in the high Si/Al ratio range.  

Figure 4. The effect of Al% for the adsorption capacity of various OMPs. Data source: nitrobenzene 

(Reungoat et al., 2007), MTBE (Gonzalez-Olmos et al., 2013), alpha-endosulfan (Yonli et al., 2012) 

and phenol (Damjanovic et al., 2010) 

In place of Si/Al ratio and Al content, hydrophobicity index (HI) was applied to represent 

hydrophobicity of zeolites by Yonli et al., (2012). The value of HI could be determined by:  

HI =  𝑋𝑋𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑋𝑋𝑤𝑤𝑤𝑤𝑡𝑡𝑡𝑡𝑤𝑤

 Equation 3 

where Xtoluene represents toluene adsorption capacity (g g-1) and Xwater represents water 

adsorption capacity (g g-1). For the FAU and BEA zeolites, there was a linear increase of α-

endosulfan adsorption efficiency with the increase of HI.  
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The increased adsorption efficiency of OMPs by high-silica zeolites with the same 

framework could thus be related to the hydrophobicity of high-silica zeolites, which, in its 

turn, could be predicted by Si/Al ratio, Al content and HI index. However, the 

hydrophobicity of zeolites with different framework types should not be compared only by 

reference to Si/Al ratio but also by the structural features of the zeolites. For example, MFI 

zeolites are more hydrophobic than FAU zeolites with the same Si/Al of 80 because the 

smaller confinement pore space of MFI zeolites disrupts the interactions of water 

molecules such that water can hardly stay inside the pores (Damjanovic et al., 2010; de 

Ridder et al., 2012; Giaya and Thompson 2002b). In this case, the adsorption efficiency of 

OMPs by high-silica zeolites is then better determined by framework type.  

3.3 Characteristics of OMPs 

The effects of surface charge and the ionization form of the OMPs on the adsorption 

efficiency of high-silica zeolites have been studied (Bautista-Toledo et al., 2005; Janos et al., 

2003). High-silica zeolites have a limited number of cations and negative charges around 

Al sites, while most of the framework structures remain neutral (no ionized sites). The 

preferential adsorption of neutral OMP species by high-silica zeolites was observed 

(Fukahori et al., 2011; Grieco and Ramarao 2013; Koubaissy et al., 2012; Simon et al., 2015; 

Tsai et al., 2006). For example, the neutral aromatic compounds, e.g. nitroaniline and 

chlorophenol, were preferentially adsorbed onto FAU zeolite compared to the ionic 

compounds (Koubaissy et al., 2011). Fukahori et al., (2011) reported that sulfa drugs in 

neutral form could be more readily adsorbed onto FAU zeolites than those in cationic and 

anionic forms, based on the hydrophobic interactions.  

When OMPs in anionic forms are dominant under alkaline conditions, a reduction of 

adsorption capacity has been observed (Chen et al., 2015; Koubaissy et al., 2011). Since 

high-silica zeolites employ a large amount of electron-rich oxygen sites and very few 

negative sites, repulsion forces between the anionic form of the OMPs and the zeolite 

surface arise (Fukahori et al., 2011; Koubaissy et al., 2011; Koubaissy et al., 2012). The 

removal mechanism of cationic OMPs by adsorbents has been regarded as ion exchange. As 

high-silica zeolites possess few exchangeable ions, the removal capacity of cationic OMPs 

by high-silica zeolites might be less than that of the low-silica zeolites, e.g. natural zeolites 

(Margeta et al., 2013). Since the ionization of OMPs is affected by the relationship between 
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pH value in an aqueous solution and the pKa value of OMPs, the pH of the solution should 

therefore be taken into consideration in the adsorption process.  

Previous studies have shown that the decreased interactions between OMP and water will 

enhance OMP-zeolite interaction, and a strong correlation between the adsorption capacity 

and hydrophobicity of OMPs has been observed (Fukahori et al., 2011; Koubaissy et al., 

2011; Koubaissy et al., 2008). It was found that hydrophilic N-Nitrosodimethylamine 

(NDMA) and N-Nitrosomethylethylamine (NEMA) were not adsorbed by MFI nor MOR 

zeolites, while less hydrophilic N-nitrosamines with comparable sizes to NDMA and NEMA 

were adsorbed to a larger extent (de Ridder et al., 2012). Similar results were reported by 

Zhu et al., (2001). The interaction between neutral OMP molecules and water can be 

described by the octanol-water coefficient (Kow). When the effect of OMP charge is 

considered, the interaction could be expressed by the distribution coefficient, logD, which 

is calculated from Kow, pKa of OMPs and pH of the aqueous solution. Neglecting the 

interaction between OMPs and octanol, OMPs with higher Kow and logD are more 

hydrophobic and less soluble in water (Gschwend 2016).  

3.4 Adsorption forces and possible adsorption sites of high-silica zeolites 

Much effort has been dedicated to determining adsorption forces and locations of 

adsorbed OMPs, which would give further insight into how high-silica zeolites interact 

with OMPs. The adsorption of OMPs by high-silica zeolites is a physical process attributed 

mainly to Van der Waals forces (Blasioli et al., 2014). Aside from the Van der Waals forces, 

acid-base forces exist between the functional groups of OMPs and the specific sites of 

zeolites, so-called “adsorption sites.” The heterogeneity of the adsorption sites has been 

indicated from the results of adsorption heats during OMP adsorption by high-silica 

zeolites (Damjanovic et al., 2010; Rakic et al., 2010). From simulation results of a Monte 

Carlo study and Rietveld’s analysis, MFI and FER zeolites were proved to employ different 

types of sites for OMPs adsorption (DeJaco et al., 2016).  

Two typical adsorption sites of high-silica zeolites, oxygen and acidic sites, have been 

identified in literature. Oxygen atoms in the framework of zeolites widely exist as oxygen 

sites. OMPs with hydrogen on the aromatic ring and amino groups show an acidic 

character and have an affinity for oxygen sites (Blasioli et al., 2014; Koubaissy et al., 2011). 
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The results of Blasioli et al. (2014) indicate that sulfamethoxazole interacts with FAU and 

MOR zeolites by weak H-bonds. 

A limited number of Brønsted and Lewis acidic sites in high-silica zeolites are known to 

interact with OMPs with nucleophilic groups, e.g. sulphur or chlorine atoms (Bolis et al., 

2006; Damjanovic et al., 2010; Nikolakis 2005; Phung and Busca 2015). The specific 

interaction may lead to chemisorption and higher adsorption energy (Batonneau-Gener et 

al., 2010). Acidic sites may thus promote the adsorption of certain OMPs on high-silica 

zeolites. Rakic et al., (2010) reported a higher adsorption capacity of nicotine on BEA 

zeolite with a lower Si/Al ratio and more acidic sites. Nicotine is an organic base with basic 

nitrogen atoms acting as an amine (de Lucas et al., 1998). The adsorption mechanism 

could be explained by the neutralisation of nicotine by the acidic sites on the zeolites.  

4. Potential applications of high-silica zeolites for water treatment

4.1 Adsorption of OMPs by high-silica zeolites 

The efficiency of high-silica zeolites for OMP adsorption and their isotherm fitting 

constants are summarised in Table 4. Results are collected from batch-scale experiments 

applying high-silica zeolite powders.  

In this section, we first discuss the adsorption of specific OMPs, including MTBE, 

nitrosamines, phenol and phenolic compounds, which were studied at high equilibrium 

concentrations, e.g. mg L-1. Afterwards, OMP adsorption at environmentally relevant 

concentrations, e.g. ng L-1 and µg L-1, is discussed in the sub-sections “OMP mixtures” and 

“Prediction of adsorption on high-silica zeolites at environmentally relevant 

concentrations”. A few studies on the application of high-silica zeolite granules in column-

scale experiments will be discussed at the end of this section.  

MTBE 

Methyl tertiary-butyl ether (MTBE) is a widely used fuel additive with a good aqueous 

solubility, 51,000 mg L-1 at 25 °C. MTBE is frequently found in surface water and 

groundwater (Achten et al., 2002; Squillace et al., 1996). Various types of zeolites can 

adsorb MTBE from water, e.g. BEA, MFI and MOR zeolites (Knappe and Campos 2005; Li et 
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al., 2003b). At the equilibrium concentration of 1 mg L-1, MOR zeolites with a Si/Al ratio of 

180 exhibited an adsorption capacity of 22 mg g-1, while the capacity of carbonaceous 

resins and activated carbon were 15.6 mg g-1 and 14.0 mg g-1, respectively (Davis and 

Powers 2000; Erdem-Senatalar et al., 2004; Melin 1999). BEA zeolites had a capacity of 8 

mg g-1, and MTBE adsorption was negligible on the FAU at the equilibrium concentration 

of 1 mg L-1 since the pore opening and cage size were much larger than the size of MTBE 

(Erdem-Senatalar et al., 2004). High-silica zeolites with closely fitted pores for MTBE, e.g. 

MFI and MOR types, are more effective adsorbents for MTBE removal than BEA and FAU 

zeolites at the equilibrium concentration range 0.1 – 1000 µg L-1 (Knappe and Campos 

2005). 

Nitrosamines 

Nitrosamines are a group of disinfection by-products with a molecular weight less than 

200 g mol-1.  Most of them are classified as probable human carcinogens and have been 

detected in both water sources and drinking water (Mitch et al., 2003; Zhao et al., 2008). At 

initial concentrations of 5mg L-1, the NDMA adsorption capacity of MFI zeolites was 0.196 

mg g-1, which was 4 – 7 times greater than the tested FAU and MOR zeolites (He and Cheng 

2016). MFI and MOR zeolites were able to adsorb five species of N-nitrosamines, namely 

N-Nitrosomorpholine (NMOR), N-Nitrosopiperidine (NPIP), N-Nitrosodiethylamine 

(NDEA), N-Nitrosodi-n-propylamine (NDPA) and N,N-Dibutylnitrosamine (NDBA) at an 

initial concentration of 15 µg L-1, while activated carbon showed a lower nitrosamine 

removal (de Ridder et al., 2012). Zhu et al. (2001) reported that MFI zeolites had an 

adsorption capacity of 9.2 mg g-1 for NDMA and 16.7 mg g-1 for N-nitrosopyrrolidine (NPYR) 

at the equilibrium concentration ~ 480 mg L-1, which was also higher than the capacity of 

FAU zeolites. To minimize the formation of N-nitrosamines, high silica zeolites could also 

be applied to remove the secondary and tertiary amines, which are nitrosamines 

formation precursors. More than 90% of the nitrosamines’ precursors could be removed 

by MOR zeolites when the dosage of zeolites was 100 mg L-1 in laboratory reagent water. 

To remove N-nitrosamine precursors, MOR zeolites were reported to be more effective 

than the tested activated carbon (Wu et al., 2015).  

Phenol and phenolic compounds 
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Different types of zeolites were applied for adsorption of phenol and phenolic compounds. 

Khalid et al. (2004) demonstrated that pure silica BEA zeolite (no Al content) employed 

the best performance among all tested zeolites, i.e. MOR, BEA and FAU zeolites as well as 

activated carbons at a phenol equilibrium concentration <1.6 g L-1. The FAU zeolites had 

the fastest kinetics for phenol adsorption among other studied adsorbents: activated 

carbon, activated alumina and silica gel (Roostaei and Tezel 2004). From the experimental 

results of the nitrophenolic compounds’ adsorption, FAU type zeolites and pure silica BEA 

zeolites possessed a much higher capacity than MFI. The highest capacity for nitrophenolic 

compounds (ortho-nitrophenol) was 240 mg g-1 at an equilibrium concentration of 50 mg 

L-1, achieved by FAU zeolites (Koubaissy et al., 2008). However, Zhang et al. (2014) 

studied the adsorption of 2,4,6-trichlorophenol (TCP) by FAU zeolites and found that the 

adsorption capacity reached 3.06 mg g-1 at an equilibrium concentration of 30 mg L-1, 

much less than the capacity of granular activated carbon with a capacity of ~500 mg g-1 

(Nelson and Yang 1995).  
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OMP mixtures 

High-silica zeolites were also tested for the adsorption of OMP mixtures. For example, MFI 

and MOR type zeolites were tested for the removal of 16 pharmaceuticals in both 

demineralised and surface water. When the initial concentration of each pharmaceutical 

was 2 µg L-1, MOR zeolites with a Si/Al ratio of 400 either completely or considerably 

removed 15 species from the mixed solution (de Ridder et al., 2012). Rossner et al. (2009) 

investigated the removal of a 25 OMP mixture with concentrations between 200 and 900 

ng L-1 in lake water by two high-silica zeolites i.e. MOR and FAU zeolites, activated carbon 

and a carbonaceous resin. Activated carbon was able to remove most of the tested 

compounds, while only 15 compounds were either completely or partially removed with 

the MOR zeolite and 3 compounds (fluoxetine, oxybenzone, and triclosan) with the FAU 

zeolite. It was demonstrated that effective adsorbents for the removal of a broad spectrum 

of OMPs from water should exhibit heterogeneity in pore size and shape.  

Prediction of adsorption on high-silica zeolites at environmentally relevant concentrations 

The adsorption by high-silica zeolites varied with the equilibrium concentration of OMPs. 

When the concentration of OMPs in the experiment was high (ranges of mg L-1), the 

adsorption limit could be predicted by the adsorption isotherm models such as Langmuir 

and Sips (Martucci et al., 2012; Yonli et al., 2012). The estimated maximum adsorption 

capacity of OMPs by high-silica zeolites was then in the range of 16 to 833 mg g-1 (Table 4). 

The adsorption isotherms of OMPs at environmentally realistic concentration range (µg L-1 

and ng L-1) follow the Freundlich isotherm, since no concentration independent plateau is 

observed from these isotherms. The maximum adsorption capacity of zeolites cannot be 

predicted at these concentrations (de Ridder et al., 2012; Gonzalez-Olmos et al., 2013).  

To compare the adsorption efficiency of OMPs in various conditions, the constants for the 

Freundlich isotherm model were also determined for the high concentration experiments, 

translating them to environmentally relevant concentrations ranging from 0.01 to 70 µg L-1. 

In addition, the values of the Freundlich isotherm constant KF given with different units 

were unified, since they are unit dependent. The recalculated isotherm constants are listed 

in Table 4, including the KF with a unit of (µg g-1)(L µg -1)n and the n value. When n was 

around 1, the higher adsorption capacity was implied by the higher KF value.  
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By referring to the results in Table 4, the adsorption isotherms from the one-solute 

solution had, in most cases, n-values of around 1 where the adsorption capacity linearly 

increased with the increase in equilibrium concentration of OMPs. The n value varied in 

multi-solute solutions with competition adsorption. Favourable adsorption was indicated 

by high n value (n > 1), while the adsorption of OMPs was unfavoured when n was below 1 

(Freundlich 1906).  

The recalculated results could be utilized as an overview of OMP adsorption efficiency. For 

instance, high-silica zeolites achieved great adsorption efficiency in the following cases 

where the KF value exceeded 10,000 (µg g-1)(L µg -1)n: the adsorption of bisphenol-A by 

MOR zeolite, dimethylamine by MFI zeolite and hydroxycinnamic acids by BEA zeolite. 

Conversely, high-silica FAU zeolites showed limited adsorption for 2,4,6-trichlorophenol 

(TCP) with low value of KF (0.09 (µg g-1)(L µg -1)n) and n (0.43). Reference to the 

recalculated isotherm information can thus guide the selection of suitable high-silica 

zeolites for the adsorption of specific OMPs at environmentally relevant concentrations. 

Moreover, high-silica zeolites showed possibilities for the adsorption of OMPs which were 

hardly adsorbed by activated carbon. For example, KF for sulfametoxazole adsorption by 

FAU(200) was 423.55 (µg g-1)(L µg -1)n (Table 4, n=0.99) (Fukahori et al., 2011) which was 

much higher than the reported value of KF in literature for powder activated carbon of 1.10 

(µg g-1)(L µg -1)n (n=1) (Nam et al., 2014).  

OMP adsorption by high-silica zeolite granules 

In practice, adsorbents are frequently used in the form of a column with a packed granular 

bed, in order to eliminate the need for post filtration to remove powder adsorbents. The 

use of columns also allows for easier regeneration. The performance of column adsorption 

can be examined by breakthrough curves which describe the OMP concentration in the 

column effluent changing in time. When the adsorbents in the column become saturated, a 

drastic increase of the effluent concentration appears, indicating the so-called 

breakthrough.  

High-silica MFI zeolite granules with grain sizes 0.5 and 1.0 mm were applied for the 

adsorption of MTBE (Rossner and Knappe 2008). For MFI zeolite granules, co-adsorption 

of NOM had a small effect on the MTBE adsorption uptake but a more pronounced effect on 

MTBE adsorption kinetics. The adsorbent usage rate was estimated assuming an influent 
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MTBE concentration of 100 µg L-1 in river water, an empty bed contact time (EBCT) of 

15min and an effluent MTBE concentration of 10 µg L-1. Based on experimental data, a 

coconut-shell-based GAC column was predicted to have a useful life of 33 days while the 

MFI zeolite column was predicted to have a useful life of 175 days.  

Abu-Lail et al. (2010) evaluated the performance of zeolite granules from FAU, BEA, MOR 

and MFI types for the removal of MTBE in batch-scale experiments. Compared with other 

tested zeolite granules, MFI zeolite granules (Si/Al ratio 280) with the smallest pores had 

the highest adsorption capacity at an equilibrium concentration range of 0.001 to 20 mg L-1. 

In the column-scale experiment using a flow rate of 32.5 ml min-1, feeding an MTBE 

concentration of 50 µg L-1 and an effluent MTBE concentration of 5 µg L-1, MFI zeolite 

granules (granular size 250 – 425 µm) had a later breakthrough than granular activated 

carbon.  

Khalid et al. (2004) demonstrated that pure silica BEA zeolite (no Al content) granules 

showed a better adsorption efficiency for phenol than other tested zeolites, i.e. MOR, BEA 

and FAU zeolites, and activated carbons. In the column-scale experiment with an EBCT of 1 

min and an influent concentration of 100 mg L-1, BEA zeolite exhibited a breakthrough 

time 4.5 times longer than granular activated carbon.  

The adsorption competition of aromatic compounds was studied in column-scale 

experiments by Koubaissy et al. (2011). The equal molar mixture of 2,4-DCP/2,4-DNP and 

ONP/ONA in distilled water was fed to a column with an EBCT of 4 – 6.7 min and a flow 

rate of 2 ml min-1. The breakthrough curves showed that ONP decreased ONA adsorption 

and 2,4-DNP desorbed 2,4-DCP, both of which were determined by functional groups. 

4.2 Preventing unfavourable adsorption of natural organic matters 
(NOM) in natural water 

In practice, the OMP adsorption performance of adsorbents is affected by BOM, a mixture 

of organic molecules that is unique for each water type. NOM may cover the surface of 

adsorbents or prevent adsorption of OMPs, e.g. NOM was proven to compete strongly with 

OMPs and considerably impair the adsorption capacity of activated carbon (de Ridder et al., 

2012; Hung and Lin 2006; Hung et al., 2005). However, NOM competition in natural water 

was hardly observed during high-silica zeolite adsorption of OMPs, such as MTBE (Abu-
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Lail et al., 2010; Rossner and Knappe 2008), sulfonamide antibiotics (Braschi et al., 2010), 

nitrosamines and various pharmaceuticals (de Ridder et al., 2012). The micropores of 

zeolites could prevent the entrance of most NOM components present in water (de Ridder 

et al., 2012; Ebie et al., 2001; Pelekani and Snoeyink 1999). However, slower adsorption 

kinetics of OMPs were observed in the presence of NOM since NOM could block the surface 

openings and hinder the diffusional paths of OMPs (Hung and Lin 2006; Rossner and 

Knappe 2008).  

In some cases, low molecular weight compounds are also present in natural water as a 

fraction of NOM (Hem 1959). Braschi et al., (2016b) studied the adsorption efficiency of 

FAU zeolites with a Si/Al ratio of 100 for sulfamethoxazole in the presence of two humic 

monomers: vanillin and caffeic acid with molecular weights of 152 and 180 mol g-1, 

respectively. Since humic monomers could enter the pores of zeolites, a slightly lower 

adsorption capacity was observed when sulfamethoxazole was mixed with these humic 

monomers compared to a single solution. Meanwhile, it was hypothesised that an adduct 

with sulfamethoxazole and vanillin formed by H-bonding could stabilize the adsorbed 

OMPs in the pores of high-silica zeolites.  

Bottero et al. (1994) investigated atrazine adsorption by FAU and MFI zeolites and 

observed that atrazine was even better adsorbed in natural water than in pure water. This 

was attributed to the finding that in natural water, atrazine has a high affinity for NOM 

compounds, e.g. forming hydroxyaromatics. As a result, the adsorption of atrazine was 

enhanced because the hydroxyaromatics were well adsorbed by the zeolites.  

4.3 Possible on-site regeneration and recycling of high-silica zeolites 

Reuse of adsorbents allows for reduction of both treatment costs and waste generation. To 

regenerate the adsorbents, thermal calcination regeneration, which employs high 

temperature, is widely used for most adsorbents, including activated carbon and zeolites. 

In other cases, regeneration using high temperature water is applied to stimulate the 

desorption of specific strong interactions between zeolites and OMPs (Chica et al., 2004; 

Chica et al., 2005; García and Lercher 1992; Zhang et al., 2008). However, energy 

consumption for the current regeneration approaches is high (Lee et al., 2011).  
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Oxidation is another method for the regeneration of high-silica zeolites since zeolites are 

resistant to oxidants, e.g. hydroxyl radicals, ozone, etc. A broad range of OMPs, after 

accumulating in the micropores of zeolites, are found to be oxidised by ozone, Fenton, UV, 

H2O2 and other oxidants (Sagehashi et al., 2005; Shahbazi et al., 2014; Wang et al., 2010; 

Wang et al., 2006). By combining high-silica zeolite adsorption with oxidation of OMPs, on-

site regeneration of zeolites could be achieved (Gonzalez-Olmos et al., 2011; Gonzalez-

Olmos et al., 2013). Most of these oxidation regeneration processes require a short contact 

time of less than 30 min, while the thermal approaches might take up to  several hours 

(Fujita et al., 2004; Sun et al., 2010; von Gunten 2003a; Wang et al., 2006; Zhang et al., 

2014). Comparably, ozonation of activated carbon will change the properties of activated 

carbon, e.g. surface area, pore size distribution and surface functional groups which are 

well-related to the adsorption efficiency (Chiang et al., 2002a; Chiang et al., 2002b; Odivan 

et al., 2014). Donnet and Ehrburger (1970) conducted experiments on the ozonation of 

activated carbon and reported that at an ozone dosage of 13 mg L-1 for 150 h, 66.2% of the 

activated carbon surface was oxidized to CO2.The long-term oxidation of activated carbon 

will thus lead to a high  carbon loss. 

Different forms of oxidant species may exist in the ozone oxidation process. Firstly, zeolites, 

as catalysts, could promote surface reactions between the adsorbed ozone and OMPs. The 

catalytic ozonation on zeolites then proceeds via direct reaction of molecular ozone with 

OMPs (Ikhlaq et al., 2014). Second, decomposition of ozone molecules may happen at 

Lewis acid sites to generate reactive oxygen species (Alejandro et al., 2014). Thus, reactive 

hydroxyl radicals can be generated from ozone decomposition and subsequently react 

with OMPs from zeolites (Legrini et al., 1993; Leichsenring et al., 1996; Monneyron et al., 

2003). Reungoat et al. (2007) studied the adsorption of nitrobenzene and ozone 

regeneration of zeolites in a sequential process. They found that the initial adsorption 

capacity of FAU zeolites was completely restored by ozone after the adsorption of 

nitrobenzene. The effective adsorption of TCP was maintained for at least 8 cycles of 

adsorption and regeneration. It was also observed that ozonation increased the BET 

surface area of FAU zeolite by over 60%, which even enhanced the OMP adsorption 

capacity. The changes in BET surface area might be attributed to the additional defects of 

zeolites, generated during the oxidation process, which need further investigation. 
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However, with a further increase in the number of regeneration cycles, the ozone 

regeneration process could lose efficiency. The decrease of regeneration efficiency was 

attributed to the oxidation by-products that might accumulate and compete with target 

OMP adsorption. It has been confirmed that traces of oxidation by-products of toluene, 

such as acetic acid and acetaldehyde, were formed and remained adsorbed after the 

regeneration with ozone (Alejandro et al., 2014; Zaitan et al., 2016). Moreover, acid 

formation during ozonation may have changed the pH of the solution, which hindered the 

decomposition of ozone and the generation of free radicals (Zhang et al., 2014).  

Once hydrogen peroxide is introduced, Fenton or Fenton-like systems are developed as an 

oxidiser for regeneration of high-silica zeolites (Neyens and Baeyens 2003). Iron, either 

immobilized on the high-silica zeolites or dissolved into the solution, will catalyse the 

oxidation process (Gonzalez-Olmos et al., 2013; Shahbazi et al., 2014). Hydroxyl radicals 

could be generated to decompose the OMPs adsorbed on the zeolites (Gonzalez-Olmos et 

al., 2013; Wang et al., 2006). Cihanoglu et al. (2015) found that the catalytic activities of 

MFI zeolites increased with iron loading. In addition, Koryabkina et al. (2007) applied Fe 

coated FAU zeolites for adsorption of disinfection by-products: chloroform and 

trichloroacetic acid. Eight regeneration cycles could be achieved, although the adsorption 

capacity after regeneration decreased because of iron leaching.  

However, the regeneration efficiency by both ozone and hydrogen peroxide could be 

affected by the properties of the zeolites. Braschi et al. (2016a) found that adsorbed 

sulfonamide antibiotics were only partially oxidised, suspecting that the diffusion of 

radical oxygenated species, e.g. hydroxyl radicals in the pores of zeolites, was insufficient, 

although, the number of Brønsted acid sites was found to have a positive relation with the 

catalytic ability of the tested MFI zeolites (Cihanoglu et al., 2015). Moreover, the ozonation 

regeneration efficiency was related to the amount of acid sites. As an example, a natural 

zeolite with a Si/Al ratio of 11, which contains a greater number of Brønsted acid sites 

than zeolites with higher Si/Al ratios, had a 2.3 times higher activity of hydrogen peroxide 

decomposition than BEA zeolites with a Si/Al ratio of 400. However, the regeneration 

efficiency of the BEA zeolites was 2.5 higher than the natural zeolite since more OMPs 

were adsorbed by BEA zeolites than by the natural zeolite (Shahbazi et al., 2014).  
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TiO2 immobilized high-silica zeolites combined with UV light was also studied and found to 

be an effective photo-catalytic oxidation process to regenerate zeolites (Fukahori and 

Fujiwara 2014; Mendez-Arriaga and Almanza 2014; Neppolian et al., 2016; Pan et al., 2014; 

Perisic et al., 2016; Wang et al., 2010). Active free radicals were generated and therefore a 

fast OMP degradation rate was achieved (Hoffmann et al., 1995). Due to the limited 

research on the photo-catalytic oxidation process for zeolite regeneration, it is yet unclear 

what will be the long-term performance with increasing regeneration cycles.  

Plasma technology has recently been proposed as a promising advanced oxidation method, 

since it is able to produce a wide range of reactive species, including electrons, photons, 

free radicals, ions and reactive molecules, such as ozone and hydrogen peroxide. As such, it 

can be used to decompose organic matters in a gaseous or liquid phase, as well as for 

surface treatment of materials. Plasma can be generated by a variety of electrical 

discharges and several lab-scale designs of electrical discharge reactors appear to be 

effective for contaminant degradation in water or wastewater (Miklos et al., 2018; Vanraes 

2016). Kušić et al. (2005) and Peternel et al. (2006) have reported the application of 

plasma treatment with high voltage electrical discharge reactors using MFI and FAU 

zeolites for degradation of OMPs, i.e. phenol and dyes in water. The oxygen, hydrogen and 

hydroxyl radicals as well as ozone generated from the reactor could promote OMP 

degradation. The combination of plasma oxidation and high-silica zeolites can potentially 

be a promising approach for zeolite regeneration. However, to the authors’ knowledge, no 

study has been carried out to demonstrate the system’s efficiency of regeneration. The 

influence of solution chemistry and plasma reactivity inside the zeolite pores on the 

regeneration efficiency in addition to the scaling up of the electrical discharge reactors are 

future research topics worth investigation.  

5. Concluding remarks and prospects

The research on OMP adsorption by high-silica zeolites has been reviewed and the 

following conclusions can be drawn:  

• High-silica zeolites have exhibited a good ability to remove target OMPs from

water, e.g. small-sized and polar OMPs that are not effectively removed by other

adsorbents.
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• A wide range of studies could be found on OMP adsorption efficiencies and

mechanisms of high-silica zeolite powders, which were mostly carried out in

batch tests. High microporous volume, closely fitted pores and hydrophobicity of

high-silica zeolites could promote OMP adsorption.

• NOM in natural water has a minimal effect on the adsorption capacity of OMPs

onto high-silica zeolites, which is considered to be an advantage for the

application of high-silica zeolites in water treatment. However, small molecules

with a similar size relative to OMPs might be present in water and compete with

OMP adsorption.

• Oxidants, such as ozone, hydrogen peroxide, Fenton, photo-catalytic oxidation

and plasma, have shown to be effective during the regeneration of high-silica

zeolites. Structural modification of high-silica zeolites, e.g. the possible generation

of additional surface defects by the oxidation, needs further investigation.
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Abstract 

High-silica zeolites can be used for adsorption of organic micropollutants (OMPs) from 

water. The adsorption efficacy could vary with the properties of OMPs, as well as the 

porous and surface features of high-silica zeolites. In this study, the adsorption of triclosan, 

trichlorophenol (TCP) and phenol by ten high-silica zeolites were investigated. The 

plateaus of adsorption isotherms were observed in the adsorption of triclosan. The 

maximum adsorption capacity of triclosan could be related to the surface area and volume 

of micropores. The adsorption of TCP by FAU zeolites gave an S-shaped isotherm due to 

the possible lateral interactions of TCP molecules in the specific pore topology of FAU 

zeolites. The adsorption of phenol by high-silica zeolites had no adsorption plateau. 

Zeolites with channel structures, e.g. MFI zeolites, possess closely fitted pores for phenol, 

which slightly promoted its adsorption efficacy. The active adsorption sites of zeolites, i.e. 

Brønsted acid sites (BAS) and Lewis acid sites (LAS) failed to promote phenol adsorption. 

Phenol adsorption was favoured by carbon-based adsorbents with aromatic rings and 

functional groups, e.g. carboxyl and carbonyl, while the lack of active adsorption sites 

limited the phenol adsorption by high-silica zeolites, especially at the low concentration 

range.  

1 Introduction 

Zeolites are crystalline aluminosilicates with uniform micropores (pore size of less than 2 

nm). The porous structure of zeolites is generated from a three-dimensional framework 

constructed by SiO4 and AlO4 tetrahedra (Auerbach et al., 2003; Jacobs et al., 2001). The 

properties of zeolites vary with the Si and Al content in the framework, typically 

characterized by the silica to alumina molar ratio (Si/Al ratio). Low-silica zeolites (Si/Al 

ratio < 2) possess a high ion exchange capacity and therefore have been used for water 

softening (Behrman 1927). High-silica zeolites (Si/Al ratio up to several thousands) can be 

synthesized from low-silica zeolites by replacing aluminium with silica (Burton 2018; 

Burton et al., 2005). High-silica zeolites have been found to be efficient adsorbents for the 

removal of emerging organic compounds (OMPs), e.g. methyl tert-butyl ether (MTBE) 

(Gonzalez-Olmos et al., 2013; Knappe and Campos 2005) and N-nitrosamines (de Ridder et 

al., 2012; He and Cheng 2016), which are hardly adsorbed by activated carbon.  
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Triclosan, a commonly used antibacterial and antifungal agent, has caused public attention 

because of its extensive use in personal care products and possible disposal in water 

(Adolfsson-Erici et al., 2002). Treatment technologies such as biological treatment (Ying 

and Kookana 2007), oxidation (Suarez et al., 2007; Wu et al., 2012) and adsorption by 

activated carbon (AC) (Behera et al., 2010; Liu et al., 2014b) and carbon nanotubes (Cho et 

al., 2011; Zhou et al., 2013) have been used to treat water containing triclosan, while the 

adsorption of triclosan by high-silica zeolites has not yet been reported in literature.  

Phenol and chlorophenol, including 2,4,6-trichlorophenol (TCP) are widely used in the 

production of industrial commodities and, as a result, have been commonly detected in 

water bodies (Gao et al., 2008; Schmidt‐Bäumler et al., 1999). The adsorption of TCP and 

phenol in water by some high-silica zeolites has been previously studied. Zhang. et al. 

(2014) evaluated the adsorption of TCP by FAU type high-silica zeolites. The maximum 

adsorption capacity could not be determined since an adsorption plateau was not 

observed. Yang. et al. (2016) studied TCP adsorption by FAU zeolites with different Si/Al 

ratios. As the isotherm curves with linear shape showed, FAU zeolites with higher Si/Al 

ratios had better adsorption efficacies than zeolites with lower Si/Al ratios. However, TCP 

adsorption by high-silica zeolites with other framework types has not been studied before. 

Phenol adsorption by high-silica zeolites with different frameworks, i.e. FAU, BEA, MOR 

and MFI types, has been studied by Damjanovic et al. (2010) and Khalid et al. (2004). The 

maximum adsorption capacity and its relationship to the properties of high-silica zeolites, 

occurring at several g L-1, were well elaborated. However, no attempt has been made to 

provide insight into the adsorption isotherm of phenol at lower and environmentally 

relevant concentrations, e.g. µg L-1. 

The adsorption of specific OMPs, e.g. MTBE (Gonzalez-Olmos et al., 2013; Hung and Lin 

2006; Knappe and Campos 2005; Rossner and Knappe 2008), and OMP groups, e.g. N-

nitrosamines (de Ridder et al., 2012; He and Cheng 2016) and sulfa drugs (Fukahori et al., 

2011) in water on high-silica zeolites have been studied in literature. The adsorption 

efficacy and mechanisms of OMPs on high-silica zeolites were reviewed by Jiang et al 

(2018). Based on literature, it was concluded that zeolite properties, such as surface 

hydrophobicity/hydrophilicity, pore size and structure, affect the adsorption of OMPs. The 

efficacy and mechanism of OMP adsorption can also vary based on the properties of OMPs, 

e.g. hydrophobicity/hydrophilicity, molecular weight and size. More research is thus 
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needed to explore the adsorption of representative OMPs by high-silica zeolites, which 

would indicate the OMP adsorption mechanisms.  

In this study, the adsorption of triclosan, TCP and phenol with the same functional groups, 

i.e. chlorine atoms and hydroxyls attached to aromatic rings, but also different molecular 

weight, size and hydrophobicity were selected to represent OMPs with diverse properties. 

The adsorption of three OMPs by high-silica zeolites with different porous and surface 

properties was investigated. The study examined the relationship between the adsorption 

efficacy of OMPs and the properties of both high-silica zeolites and OMPs. By comparing 

the adsorption behaviour of three OMPs on various high-silica zeolites, the dominant 

adsorption mechanisms, i.e. the size/close-fit or the hydrophobicity interaction, could be 

concluded. Based on these findings, the adsorption efficacies of high-silica zeolites were 

compared with commonly used adsorbents, e.g. activated carbon, carbon nanotubes and 

clays.  

2 Materials and Methods 

2.1 High-silica zeolite adsorbents 

High-silica zeolite powders of four frameworks, namely FAU, BEA, MOR and MFI, were 

purchased from commercial companies. The framework types, names, suppliers and Si/Al 

ratios are listed in Table 1.  

Table 1 Names and supplier information of high-silica zeolites. 

Framework type Zeolite namea Product name Company Si/Al ratiob 

FAU 

FAU250 390HUA Tosoh 250 

FAU50 385HUA Tosoh 50 

FAU40 CBV901 Zeolyst 40 

FAU30 CBV760 Zeolyst 30 

BEA 

BEA250 980HOA Tosoh 250 

BEA150 cp811c-300 Zeolyst 150 

BEA75 CZB 150 Clariant 75 

MOR MOR120 690HOA Tosoh 120 

MFI 
MFI750 890HOA Tosoh 750 

MFI45 CZP90 Clariant 45 
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a The name of zeolites in this study was composed by framework type and Si/Al ratio provided by suppliers.  
b Si/Al ratio provided by suppliers 

2.2 Organic compounds 

Triclosan, TCP and phenol (analytical standards) were purchased from Sigma-Aldrich, the 

Netherlands. Their physicochemical properties are listed in Table 2.  

Table 2 The structures and physicochemical properties of OMPs 

Name Formula 
MW 
(g mol-1) 

Solubility 
in water a  
(mg L-1) 

LogD 
at pH 
6 b 

pkab 

Molecular size c 
(Å*Å*Å) 

Structure 

X*Y*Z 

Triclosan C12H7Cl3O2 289.54 10 5.21 8.8 5.82*3.40*8.68 

2,4,6-
trichloro
phenol 

C6H3Cl3O 197.45 800 3.58 6.2 5.43*0.32*6.28 

Phenol C6H6O 94.11 8.28*104 1.41 10.0 4.34*0.87*5.55 

a Estimated by EPIWEB 4.1 
b Estimated by ACD/LABs PhysChem Module (Algorithm Version: 5.0.0.184) 
c Estimated by Hyperchem 7.0 after geometric optimization 

2.3 Characterization of high-silica zeolites 

Multiple methods were used to characterize the material properties of the high-silica 

zeolites. BET surface area and pore volume of high-silica zeolites were determined by N2 

gas adsorption at 77K (Gemini VII 2390p analyzer, Micromeritics). The surface area and 

volume of micropores (pore size less than 2nm) were estimated by the t-plot method 

which separates the micropores from multilayer adsorption of N2 gas (Lippens and de 

Boer 1965; Scherdel et al., 2010). XRF analyses were performed with a Panalytical Axios 

Max WD-XRF spectrometer to characterize the Si/Al ratio of high-silica zeolites. The data 

evaluation was conducted using SuperQ5.0i/Omnian software. 

Two types of acid sites, i.e. Brønsted acid sites (BAS) and Lewis acid sites (LAS), exist in 

high-silica zeolites. The BAS are weakly bound protons of a bridging hydroxyl group, 
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typically between silica and aluminium (–Si–OH+–Al–). LAS are formed at the extra 

framework aluminium species and framework defects of hydrogen-type high-silica zeolites 

(Weitkamp and Hunger 2007). The number of BAS and LAS were determined by 

transmission Fourier-transform infrared spectroscopy (FTIR, Nicolet 6700 spectrometer 

equipped with MCT/B detector) using pyridine as a probe molecule. Zeolite samples were 

pressed into disks with a radius of 0.8 cm and a weight of 50 mg. The disk was activated in 

vacuum at 400 °C for 16h to remove the adsorbed species. After activation, the disk was 

saturated with pyridine vapour and evacuated at 160 °C for 2h. The number of BAS and 

LAS was derived from the bands at 1545 and 1456 cm-1 of FTIR spectra. The integrated 

molar extinction coefficients of BAS and LAS were 1.67 and 2.22, respectively (Emeis 

1993). By assuming that one pyridine molecule is adsorbed on one acid site, the number of 

BAS and LAS (CBAS and CLAS), was calculated by the following equations:  

𝐶𝐶𝐵𝐵𝐴𝐴𝑆𝑆 = 1.88 × 𝐼𝐼𝐼𝐼(𝐵𝐵) × 𝑅𝑅2 𝑊𝑊⁄  Equation 1 

𝐶𝐶𝐿𝐿𝐴𝐴𝑆𝑆 = 1.42 × 𝐼𝐼𝐼𝐼(𝐿𝐿) × 𝑅𝑅2 𝑊𝑊⁄  Equation 2 

where IA(B) and IA(L) are the integrated absorbance of BAS and LAS band (cm-1), 

respectively, R is the radius of zeolite disk (cm) and W is the mass of zeolite sample (mg).  

2.4 Adsorption isotherm models 

The adsorption isotherms were interpreted using different models. The isotherm 

constants were determined to estimate the maximum adsorption capacity of OMPs and to 

compare the adsorption efficacy of high-silica zeolites.  

The Langmuir model (Langmuir 1916) has been widely used to describe monolayer 

adsorption. The model assumes that each adsorption site can hold only one adsorbate 

molecule. There is no interaction between molecules adsorbed on neighbouring sites. The 

equation can be expressed as:  

𝑞𝑞𝑒𝑒 =
𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒

1 + 𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒

where qe is the amount of solute adsorbed per unit weight of adsorbent at equilibrium 

(µmol g-1), Ce is the equilibrium concentration of the solute in the aqueous solution (µmol 

https://en.wikipedia.org/wiki/Fourier-transform_infrared_spectroscopy
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L-1), qm is the maximum adsorption capacity (µmol g-1), and KL is the constant related to the 

free energy of adsorption (L µmol-1).  

The Freundlich model (Freundlich 1906) is an empirical model assuming that as the 

adsorbate concentration increases, the concentration of adsorbate on the adsorbent 

surface also increases. The Freundlich model can be applied to the adsorption 

heterogeneous surfaces and for multi-layer adsorption. The equation can be written as:  

𝑞𝑞𝑒𝑒 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒𝑛𝑛 

where KF is a constant indicative of the relative adsorption capacity of the adsorbent 

((µmol g-1)(L µmol-1)n) and n is a constant indicative of the intensity of the adsorption. In 

this study, Freundlich model was interpreted when the adsorption isotherm did not reach 

a plateau. The adsorption efficiencies of OMPs without adsorption plateau can be 

compared by simply referring to two constants.  

The Langmuir-Freundlich isotherm (Sips 1948) is a combined form of the Langmuir and 

Freundlich isotherms. At low equilibrium concentrations, the adsorption represents the 

characteristics of the Freundlich isotherm, while it predicts a monolayer adsorption 

capacity by the Langmuir isotherm at high concentrations. The equation can be expressed 

as:  

𝑞𝑞𝑒𝑒 =
𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿𝐹𝐹𝐶𝐶𝑒𝑒𝑛𝑛

1 + 𝐾𝐾𝐿𝐿𝐹𝐹𝐶𝐶𝑒𝑒𝑛𝑛

where qm is the maximum adsorption capacity (µmol g-1); KLF is the constant related to the 

free energy of adsorption (L µmol-1); n is a constant indicative of the intensity of the 

adsorption. In this study, Langmuir-Freudlich model was used to estimate the maximum 

adsorption capacity where the adsorption plateau appeared.  

2.5 Adsorption experiments 

Batch adsorption experiments were conducted in demineralised water. High-silica zeolites 

(3 mg) were dosed into 100 ml aqueous solution with the varied concentration of 1 to 60 

µmol L-1 of a single OMP solute. After the equilibrium time of 24h at room temperature 

(25±1 oC) (Damjanovic et al., 2010), high-silica zeolites were separated from the solution 

by membrane filtration (0.2 µm syringe filter, Whatman SPARTANTM).  
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2.6 HPLC analysis 

The concentrations of triclosan, TCP and phenol were determined by HPLC (Shimadzu, 

Japan) with a C18 column (Phenomenex® KINETEX, 4.6mm) at 30 °C. HPLC-grade 

acetonitrile (Sigma-Aldrich, The Netherlands) and ultra-pure water (ELGA, Ultra AN MK2 

ultrapure water system) were mixed as the mobile phase. The acetonitrile and water ratios 

(V:V) were 75:25, 65:35 and 25:75 for triclosan, TCP and phenol, respectively. The flow 

rate of the mobile phase was 1.0 ml min-1. The wavelength of the UV detector was set at 

280 nm.  

3 Results 

3.1 Characterization of high-silica zeolites 

The pores of the high-silica zeolites were characterized by surface area and pore volume 

and are shown in Table 3. As shown in Table 3, zeolites with a higher surface area had a 

higher micropore volume. The surface area and pore volume of pores per gram of zeolites 

of various types followed the order of FAU > BEA > MOR > MFI.  

Table 3 The structural and chemical characteristics of high-silica zeolites 

Zeolite 
name 

Pore 
opening 
size 
(Å*Å) 

Surface 
area  
(m2 g-1) 

Micropore 
surface area 
(m2 g-1) 

Pore 
volume 
(cm3 g-1) 

Micropore 
volume 
(cm3 g-1) 

Si/Al 
ratio 
from 
XRF  

BASa 
(µmol 
g-1) 

LASb 
(µmol 
g-1) 

FAU250 

7.4*7.4 

727 591 0.5136 0.2623 409 N.D. N.D. 

FAU50 698 571 0.5160 0.2545 43 19 12 

FAU40 606 447 0.4819 0.1966 32 13 17 

FAU30 789 548 0.5233 0.2445 31 133 45 

BEA250 

6.6*7.7 
5.6*5.6 

516 351 0.3022 0.1557 286 16 7 

BEA150 524 364 0.3243 0.1623 107 54 8 

BEA75 563 396 0.3720 0.1761 78 85 16 

MOR120 6.5*7.0 
2.6*5.7 

431 360 0.2687 0.1606 113 52 8 

MFI750 5.1*5.5 
5.3*5.6 

334 282 0.1702 0.1260 891 N.D. N.D. 

MFI45 359 199 0.5341 0.0891 42 142 40 
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The proportion of micropores accounting for the total pores of high-silica zeolites is shown 

in Figure 1. Micropores, which were characterized by micropore surface area and 

micropore volume, accounted for a large proportion of the zeolite pores. Except for zeolite 

MFI45, more than 60% of the surface area and 40% of the pore volume were composed by 

micropores. The surface area and volume of micropores in the FAU zeolites was the 

highest, while the BEA, MOR and MFI zeolites had a similar but lower surface area and 

volume of micropores.  

(a)  (b) 

Figure 1 The proportion of micropores accounting for the total pores of high-silica zeolites. 

Micropores are represented by micropore volume (the bars in Figure 1a) and micropore surface 

area (the bars in Figure 1b). - - represent the percentage proportion of micropores accounting for 

the total pores. 

The properties relating to the surface chemistry of zeolites can be characterized by Si/Al 

ratios and acid sites. The results are shown in Table 3. Si/Al ratios of zeolites were both 

provided by suppliers and determined by XRF, shown in Figure 2. Except for zeolite 

FAU250 with a variation of 64%, variations of -28 % to 18 % were found between the 

supplier-provided and the XRF-determined Si/Al ratios.  
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Figure 2 Comparison of Si/Al ratios given by suppliers (bar with diagonal lines) and measured by 

XRF analysis (solid bars). - - is the variation percentage of the XRF-determined Si/Al ratio with 

the supplier-provided Si/Al ratio.  

The number of BAS and LAS in the zeolites are shown in Table 3. The variation of BAS and 

LAS with Al content of zeolites are plotted in Figure 3. Al content was represented by Al% 

and expressed by the following equation:  

𝐼𝐼𝐴𝐴% = 𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆+𝐴𝐴𝐴𝐴

% = 1
1+𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴⁄  𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑜𝑜

% Equation 3 

As shown in Figure 3, zeolites had more BAS than LAS. The number of LAS and BAS in FAU 

and BEA zeolites increased with Al% of zeolites and thus, decreased with Si/Al ratio of 

zeolites. For example, the number of BAS and LAS in BEA zeolites followed the order of 

BEA250 > BEA150 > BEA75. No acid sites could be detected from zeolites FAU250 and 

MFI750 since their Al content was negligible. One exception was the number of BAS in 

FAU30, which was lower than LAS and also lower than BAS in FAU40. The number of acid 

sites varied with the framework of zeolites. As shown in Figure 3, the number of acid sites 

from BEA,MOR and MFI zeolites was higher than FAU-type zeolites with similar Al content. 

The effect of Si/Al ratios and acid sites on the OMP adsorption efficacy by high-silica 

zeolites will be further discussed in Section 4.3. 
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Figure 3 The variation of BAS (solid symbols) and LAS (open symbols) with Al% of zeolites.  

3.2 Adsorption of triclosan by high-silica zeolites 

The adsorption isotherms of triclosan by high-silica zeolites were compared in Figure 4. 

The maximum adsorption capacity of zeolites were estimated by the isotherm constants of 

QLF from Langmuir-Freundlich model (Table 4). The isotherms were not interpreted by 

Freundlich model since Freundlich model could not estimate adsorption capacity. The 

adsorption capacity of triclosan varied by the framework type of zeolites. FAU zeolites had 

a higher adsorption capacity than BEA and MOR zeolites (refer to QLF in Table 4). The 

adsorption capacity of MFI zeolites was minimal and therefore excluded from the graph. 

The adsorption efficacy of triclosan also varied with the properties of high-silica zeolites, 

e.g. porous properties and Si/Al ratio of zeolites, which will be discussed in Sections 4.2 

and 4.5.  
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(b) 

Figure 4 The adsorption isotherms of triclosan by (a) FAU-type, (b) BEA-type and MOR-type 

zeolites and the Langmuir-Freundlich model fitting curves (solid lines).  

Table 4 Langmuir-Freundlich isotherm constants for triclosan adsorption onto different zeolites. 

FAU250 FAU50 FAU40 FAU30 BEA250 BEA150 BEA75 MOR120 

QLF  
(µmol g-1) 

1304 1271 825 837 414 420 530 529 

KLF  
(L µmol-1) 

7.4891 4.3922 1.2865 2.0359 2.7849 2.4775 2.9514 0.6211 

n 0.9006 0.5980 0.4157 0.6170 0.4408 0.5142 0.5079 0.2676 

R2 0.9373 0.9929 0.9823 0.9873 0.9864 0.9767 0.9836 0.9647 

3.3 Adsorption of 2,4,6-triclorophenol (TCP) by high-silica zeolites 

As shown in Figure 4, zeolites with same framework type had the same isotherm shape for 

triclosan adsorption, although the adsorption capacity of triclosan varied with the 

framework of zeolites. High-silica zeolites with highest Si/Al ratio of each framework type, 

namely FAU250, BEA250, MOR120 and MFI750, were thus chosen to study the effect of 

framework type on TCP adsorption. The adsorption isotherms of TCP by FAU250, BEA250 

and MOR120 are displayed in Figure 5. FAU250 was the most efficient adsorbent for TCP 

in the studied concentration range (0 – 25 µmol L-1), while the adsorption capacities of 

BEA250 and MOR120 zeolites were much less than that of FAU250. MFI750 had minimal 

adsorption of TCP and was therefore not included in the graph.  
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Figure 5 The adsorption isotherms of TCP by (a) FAU250 and (b) BEA250 and MOR120 and the 

fitting curves (Solid lines: Freundlich model fitting; Dashed lines: Langmuir-Freundlich model 

fitting).  

FAU250 zeolites showed an S-shaped adsorption isotherm with good fitting to the 

Langmuir-Freundlich model at the concentration range of 0 - 25 µmol L-1 (R2 = 0.9804, 

Figure 5 and Table 5) At the equilibrium concentration range 0 – 4 µmol L-1, the adsorption 

capacity reached ~200 µmol g-1, which were well fitted with the Freundlich model 

(isotherm constants, Table 6). The steep slope of the isotherm curve occurred at the 

equilibrium concentration of about 3.2 µmol L-1. The S-shaped curve reached the plateau 

with estimated adsorption capacity of 1593 µmol g-1 by Langmuir-Freundlich models 

(Table 5). TCP adsorption by BEA250 and MOR120 zeolites without adsorption plateaus 

were well fitted with the Freundlich isotherms (Figure 5). The isotherm constants are 

given in Table 6.  

Table 5 Langmuir-Freundlich isotherm constants for TCP adsorption by FAU250 zeolite fitting at 

the equilibrium concentration range of 0 - 25 µmol L-1.  

QLF (µmol g-1) KLF (L µmol-1) n R2 

1593 3.92*E-15 27.26 0.9804 
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Table 6 Freundlich isotherm constants for TCP adsorption by FAU250 fitting at the equilibrium 

concentration of 0 - 4 µmol L-1, BEA250 and MOR120 fitting at the equilibrium concentration of 0 - 

25 µmol L-1.  

FAU250 BEA250 MOR120 

KF  (µmol g-1)(L µmol-1)n 2.8621 3.3002 2.7582 

n 3.7352 1.3911 0.8720 

R2 0.9970 0.9867 0.9555 

3.4 Adsorption of phenol by high-silica zeolites 

The adsorption isotherms of phenol by high-silica zeolites with different frameworks are 

shown in Figure 6. Compared with triclosan and TCP, phenol was adsorbed to a much 

lesser extent by high-silica zeolites at the same equilibrium concentration range (0 - 20 

µmol L-1). The low adsorption efficacy of phenol was revealed from the low adsorption 

capacity and the isotherms without adsorption plateaus.  

Figure 6 The adsorption isotherm of phenol by different high-silica zeolites and the Freundlich 

fitting curves (solid lines).  

Phenol adsorption by high-silica zeolites was well fitted with the Freundlich isotherm. The 

isotherm constants are given in Table 7. MFI zeolites exhibited the best phenol adsorption 

capacity of the tested zeolites. The adsorption efficacy of zeolites followed the order of 

MFI750 > MFI45 > MOR120 > BEA250 > FAU250 > FAU30, which was in the opposite 
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order of the maximum adsorption capacity of triclosan and TCP (FAU > BEA > MOR, Figure 

4 and Figure 5).  

Table 7 Freundlich isotherm constants for phenol adsorption by MFI750, MFI45, MOR120 BEA250, 

FAU250 and FAU30 zeolites.  

MFI750 MFI45 MOR120 BEA250 FAU250 FAU30 

KF (µmol g-1)(L µmol-1)n 2.0350 0.8354 0.4936 0.8097 0.5140 0.3947 

n 0.8045 0.9009 0.9265 0.6265 0.6771 0.5939 

R2 0.9937 0.9672 0.9974 0.9233 0.7342 0.9036 

4 Discussion 

4.1 The properties of OMPs and their relationship with the adsorption 
efficacy  

The maximum adsorption capacity of an OMP was related to the OMP size. For example, 

FAU250 provided a higher adsorption capacity for TCP (1593 µmol g-1, Table 5) than for 

triclosan (1304 µmol g-1, Table 4), while triclosan is more hydrophobic than TCP. 

Considering that the pore opening size of FAU zeolites is supposed to be larger than the 

molecular size of both triclosan and TCP, the adsorption of OMPs would happen in the 

same type of cages with a pore opening size 7.4 Å*7.4 Å. Since the molecular size of TCP is 

smaller than the size of triclosan, more TCP molecules could be trapped in one cage, 

explaining the preferred adsorption in the case of more TCP-molecules in one cage.  

Previous studies have shown that the decreased interactions between OMP and water will 

enhance the OMP-zeolite interactions, and a strong correlation between the adsorption 

capacity and hydrophobicity of OMPs has been observed (Fukahori et al., 2011; Koubaissy 

et al., 2008). In this study, the theory was confirmed by the higher adsorption efficacies of 

triclosan and TCP than phenol.  
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4.2 The characterization of high-silica zeolites and their effect on the 
adsorption capacity of triclosan  

The maximum adsorption capacity of triclosan by FAU, BEA and MOR zeolites are observed 

from the isotherms. The effect of volume and surface area of micropores, pore volume, 

surface area and Al content on the maximum adsorption capacity of triclosan is shown in 

Figure 7 (The effect of Si/Al ratio and Al content, Section 4.5). The maximum adsorption 

capacity of zeolites (from Langmuir-Freundlich model, Table 3) was more closely 

correlated to the volume and surface area of micropores than the pore volume and surface 

area, which indicate that micropores of zeolites dominated the adsorption of triclosan. 

Compared with the mesopores (pore diameter of 2-50 nm) and macropores (pore 

diameter of > 50 nm), the size of the micropores (pore diameter of < 2 nm) is closer to the 

size of the triclosan. Thus, triclosan would experience stronger adsorption forces 

originating from the “walls” of the micropores.  

Figure 7 The correlation between the maximum adsorption capacity of triclosan (estimated from 

Langmuir-Freundlich isotherms, refer to Table 4) and the properties of high-silica zeolites.  

The micropores of zeolites varied in a range due to their different synthetic processes (Yu 

2007), while zeolites synthesized in the same way could possess similar micropore volume 

and surface area. In this case, other properties of zeolites, e.g. Al%, could dominate the 
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adsorption efficacy (Yonli et al., 2012). Moreover, the effect of micropore volume and 

surface area has not been determined in some studies since the micropores of zeolites 

were not measured (Damjanovic et al., 2010; Gonzalez-Olmos et al., 2013).  

4.3 The occurrence of the S-shaped isotherm curve 

Notably, an S-shaped curve was observed for TCP adsorption by FAU250 zeolite. When the 

OMP intermolecular attraction effects are large, an isotherm with S-shaped is observed 

(Ruthven 1984). The affinity of TCP for the surface of FAU250 zeolites was low at the 

starting concentration range of 0 – 3.2 µmol L-1.(Figure 5). The pores of high-silica zeolites 

were then partly filled by TCP molecules. More TCP molecules by experiencing 

intermolecular attractions could be easily adsorbed, which greatly enhances the 

adsorption capacity and leads to adsorption saturation (Hinz 2001; Karimi-Lotfabad et al., 

1996). The intermolecular attraction might be generated from π - π interactions of TCP 

benzene rings (Janiak 2000; Waters 2002).  

The occurrence of the S-shaped adsorption isotherm might be attributed to the specific 

pore topology of FAU zeolites. FAU zeolites possess wide α-cages with an opening size of 

7.4 Å*7.4 Å (Table 3) and an enlarged inner pore diameter 13.7 Å (Baerlocher et al., 2007), 

which apparently was able to provide accommodation for more than one TCP molecule. As 

a comparison, BEA and MOR zeolites possess channel systems. The possible locations of 

adsorbed OMPs in the channels of zeolites are channel intersections with one molecule per 

intersection (Guvenc and Ahunbay 2012). The distance between channel intersections 

could inhibit the interaction between TCP molecules.  

A high Si/Al ratio could also be an essential condition of the S-shaped curve and 

interaction of TCP. Zeolites with a lower Si/Al ratio might promote water adsorption and 

weaken the interaction between TCP molecules, as observed by Zhang et al. (2014) and 

Yang et al. (2016). Zhang et al. (2014) studied TCP adsorption by FAU zeolites with a lower 

Si/Al ratio (≥ 15). At the TCP concentration range 0 – 150 µmol L-1, which was much higher 

than the equilibrium concentration in their study, the adsorption isotherm did not show 

either an S-shaped trend or the adsorption plateau. Yang et al. (2016) also applied FAU 

zeolites with a Si/Al ratio of 40 for TCP adsorption and the adsorption plateau was 

observed.  
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4.4 Phenol adsorption and close-fit theory 

At the studied concentration range, phenol adsorption by MFI zeolites, which have smaller 

pore sizes than other types of zeolites, was higher than on FAU zeolites, which have larger 

pore opening sizes and a higher volume and surface area of micropores. The favourable 

adsorption on MFI zeolites could be attributed to the pore size effect. The pores of MFI 

zeolites originate from a channel system with opening sizes of 5.1 Å*5.5 Å and 5.3 Å *5.6 Å 

(Table 3), which closely fit phenol molecules with a molecular size of 4.34 Å * 0.87 Å * 5.55 

Å (Table 2). Closely fitted pores will promote the adsorption efficacy of OMPs by 

generating stronger adsorption forces between OMPs and the “wall” of micropores (Su et 

al., 2005). Damjanovic et al. (2010) found that the heat evolved by phenol adsorption on 

BEA zeolites was lower than in the case of MFI zeolites with better fitted pores for phenol, 

thus indicating a weaker interaction. The so-called “close-fit” phenomenon has previously 

been noted from, e.g. the adsorption of multi-solutes by MOR zeolites, as well as the 

adsorption of MTBE by MFI zeolites (Erdem-Senatalar et al., 2004). Giaya and Thompson 

(Giaya and Thompson 2002a; b) proposed that closely fitted pores would reduce the 

number of water clusters and that the interaction between OMPs and the framework of 

zeolites would be stronger.  

The occurrence of “close-fit” is also influenced by the pore structure. In the channel-based 

pores, the inner size of pores is the similar to the pore opening size of zeolites. OMPs, e.g. 

phenol, with a fitted size for the pore opening could then enter and well fit the channel, 

such as those found in MFI and MOR zeolites. However, “close fit” is unlikely to happen in 

the cage-based pores, e.g. cages of FAU zeolites, since OMPs with fitted sizes for the pore 

opening (7.4 Å) will be somewhat smaller than the size of internal pores (13.7 Å) 

(Baerlocher et al., 2007), resulting in an unfavoured adsorption of phenol by FAU zeolites 

(Figure 6).  

4.5 Surface hydrophobicity and active adsorption sites of high-silica 
zeolites 

High-silica zeolites feature a high silica content and, thus, a relatively hydrophobic surface. 

The water affinity for high-silica zeolites was characterized by either Si/Al ratio or the 

number of acid sites (Table 3).  
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The effect of Si/Al ratio (Al content) on the adsorption efficacy of high-silica zeolites has 

been frequently observed. Owing to the highly hydrophobic surface, zeolites with a higher 

Si/Al ratio (Al content) have shown a higher adsorption capacity of OMPs, e.g. 

nitrobenzene and α-endosulfan (Reungoat et al., 2007; Yonli et al., 2012). The surface 

hydrophobicity of zeolites, however, had a less pronounced effect on the maximum 

adsorption capacity of triclosan than the micropore volume and surface area in this study 

(Figure 7). Since triclosan is hydrophobic and weakly interacts with water, triclosan 

adsorption in the pores of zeolites might trigger the water desorption and pore filling by 

triclosan (Damjanovic et al., 2010). Thus, water adsorption that was enhanced by the Al 

content of zeolites would not affect the maximum adsorption capacity of triclosan.  

High-silica zeolites possess a certain number of acid sites (number of LAS and BAS, Table 3) 

and associated base sites, which might act as active adsorption sites for OMPs (Beutel et al., 

2001; Beutel and Su 2005). From Table 3, it can be observed that MFI45 and FAU30 

possess over 100 µmol L-1 more active adsorption sites than MFI750 and FAU250. 

However, MFI750 and FAU250, with fewer adsorption sites, showed an enhanced 

adsorption efficacy over MFI45 and FAU30 of phenol (Figure 6 and Table 7). Since the 

active adsorption sites originated from the Al content of zeolites where water clusters 

preferably gathered, phenol adsorption could experience even stronger water competition 

at the active adsorption sites than at other adsorption sites (Bolis et al., 2006). Therefore, 

phenol adsorption could be inhibited.  

A number of silanol groups (Si-OH) exist in the framework of zeolites and are able to 

adsorb water molecules and polar OMPs, such as methanol, by forming H-bonding 

(Batonneau-Gener et al., 2008; Meininghaus and Prins 2000). In addition, Bal’zhinimaev et 

al. (2019) found that the Si-OH groups in FAU250 exist as silanol nests in the cages of the 

zeolite, while silanol nests in MOR240 are located in the channel entrances. Probably, 

water molecules interacted with the silanol nests by H-bonding and then formed a strong 

complex. Since phenol is more hydrophilic and polar than triclosan and TCP, phenol is 

therefore more likely to be adsorbed on the Si-OH groups by replacing water molecules.  

4.6 Comparison with other adsorbents 

The adsorption efficacies of triclosan, TCP and phenol by high-silica zeolites and other 

commonly used adsorbents, e.g. carbonaceous materials and clays, are compared in Table 
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S1, S2 and S3. When the adsorption plateau was observed, the maximum monolayer 

adsorption capacity could be estimated by Langmuir and Langmuir-Freundlich isotherms. 

At the adsorption stage without a plateau, adsorption efficacy was characterized by the KF 

value from Freundlich isotherm and the obtained maximum adsorption loading, either 

given in the literature or recalculated by given experimental data.  

In comparison with other absorbents, high-silica zeolites featured a high monolayer 

adsorption capacity for triclosan (378 mg g-1 in Table S1, translated from the QLF of FAU250 

zeolite in Table 4). The monolayer adsorption capacity of triclosan increased with the pore 

surface area. Clay adsorbents with a small surface area of pores, e.g. kaolinite and 

montmorillonite, proved to be less efficient for triclosan adsorption (Wang et al., 2017). 

Benefitting from the hydrophobic surface, high-silica zeolites had the highest KF value 

among the reported results (1163 (mg g-1)(L mg-1)n, in Table S1), indicating their high 

adsorption efficacy at low concentration.  

At the low concentration range without the adsorption plateau, carbon nanotubes and 

graphene showed a high adsorption efficacy too. For instance, carbon nanotubes could 

achieve an adsorption loading of about 367 mg g-1 at the concentration range 0 – 1 mg L-1. 

It might be attributed to the surface functional groups of carbonaceous materials, which 

would provide strong adsorption forces for triclosan (Cho et al., 2011; Wang et al., 2017).  

FAU250, activated carbon fibers and carbon nanotubes were able to achieve the maximum 

monolayer adsorption capacity of TCP, which was promoted by surface area (Table S2). 

The finding was consistent with the results of triclosan adsorption. Due to the large 

number of surface functional groups and the possible condensation of TCP molecules in 

the pores, carbon nanotubes showed great adsorption efficacy at the low concentration 

range. Other adsorbents, including AC, failed to reach the adsorption plateau, which 

indicated their low affinity for TCP adsorption.  

With the exception of FAU250 zeolites in this study, S-shaped isotherm curves of TCP 

adsorption by solid adsorbents were not observed. Regarding the pore topology, TCP 

interactions are more likely to occur in the uniform micropores of zeolites than in the 

pores of adsorbents with widely distributed sizes, e.g. AC (Radhika and Palanivelu 2006), 

or in adsorbents with sizes much larger than TCP, e.g. carbon nanotubes with mesopores 

(Chen et al., 2009). For example, Qin et al. (2012) studied the adsorption of TCP by SBA-15, 
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a silica based material with mesopores (average pore size 5nm). The adsorbed TCP 

molecules were more likely to locate separately in the mesopores, which would not 

support the intermolecular attraction of TCP.  

Compared with high-silica zeolites, phenol adsorption was favoured by carbon-based 

adsorbents, e.g. activated carbon and AC fibres, as indicated by their high adsorption 

capacity (Dobbs and Cohen 1980; Liu et al., 2010). Roostaei and Tezel (2004) compared 

phenol adsorption by different solid adsorbents. At the equilibrium concentration of ~120 

mg L-1, the adsorption loading of activated carbon and FAU zeolites were ~268 mg g-1 and 

~17 mg g-1, respectively.  

It is well-known that the carbon-based solid adsorbents possess a large number of 

functional groups as the adsorption sites for phenol, e.g. carboxyl and carbonyl, which 

would interact with acidic OMPs, e.g. phenol (Chen et al., 2009; Hamdaoui and Naffrechoux 

2007; Liu et al., 2010). The aromatic ring of OMPs also experience π-π interactions with 

the carbon surface. Both interactions promote the adsorption efficacy of OMPs, especially 

at a low concentration range (Dabrowski et al., 2005; Su et al., 2005). The effect of active 

adsorption sites of high-silica zeolites was less pronounced than the carbon based 

adsorbents due to lack of organic functional groups in high-silica zeolites and the possible 

inhibition for phenol adsorption as discussed in Section 4.3.  

5 Conclusions 

The adsorption efficacy of triclosan, TCP and phenol by high-silica zeolites was studied. 

The adsorption behaviour and mechanisms were illustrated by various shapes of 

adsorption isotherms. The adsorption efficacy of OMPs by high-silica zeolites was related 

to the properties of OMPs, the porous and surface chemistry features of high-silica zeolites. 

The conclusions are summarized as below:  

- Triclosan and TCP were more favourably adsorbed by FAU-type high-silica zeolites

than BEA-, MOR- and MFI-type zeolites. The maximum adsorption capacity of 

triclosan was related to the micropore volume or micropore surface area of zeolites, 

rather than the hydrophobicity of the zeolites. The maximum adsorption capacity of 

FAU250 zeolites for OMPs with smaller molecular sizes, e.g. TCP, was higher.  
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- S-shaped adsorption isotherms indicated the inefficient removal of TCP at low

concentrations. The occurrence of an S-shaped isotherm in the TCP adsorption by 

FAU250 zeolites could relate to the large sized cages of FAU zeolites which allowed 

the intermolecular attractions between multi TCP molecules. A high Si/Al ratio could 

also be an essential condition of the S-shaped curve and interaction of TCP.  

- Closely fitted pores of high-silica zeolites promoted the adsorption efficacy of phenol,

which typically has a low affinity for high-silica zeolites. The occurrence of “close-fit” 

was more observed with channel-based zeolites, e.g. MFI-type zeolites, compared to 

cage-based zeolites, e.g. FAU-type zeolites.  

- The adsorption of OMPs by high-silica zeolites benefitted from the rich amount and

closely fitted arrangement of the pores for OMPs. Compared with carbon-based 

materials, the lack of effective active adsorption sites limited the adsorption of phenol 

by high-silica zeolites, especially at the low concentration range where no maximum 

adsorption capacity was observed.  
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Supporting information 

Table S1 Comparison of various adsorbents for the adsorption of triclosan. 

Adsorbent 

Surface 
area 

Ce 
Adsorption 
plateau 
observed in 
the 
experiment
? 

Estimated 
Maximum 
monolayer 
adsorption 
capacity 

Freundlich 
isotherm 
constants 

Maximum 
adsorption 
loading Ref. 

m2 g-1 mg L-1 mg g-1 
KF  
(mg g-1)(L 
mg-1)n/n 

mg g-1 

FAU250 789 0 – 4 Yes 378 1163/2.7a This 
work 

AC 1334 0 – 20 Yes 714 254/0.83b 

(Liu et 
al., 
2014b) 

Magnetic 
activated 
carbon 

674 0 – 35 Yes 303 150/0.21 

(Liu et 
al., 
2014b) 

Carbon 
nanotube 

1020 0 – 0.1 No 1754/0.68 ~367 
(Cho et 
al., 
2011) 

Graphene 212 0 – 0.02 No 
1.0*e5/ 
2.24 

~10 
(Wang et 
al., 
2017) 

Kaolinite 2.3 0 – 55 No 0.04/1.25 ~9 
(Behera 
et al., 
2010) 

Montmor-
illonite 

34 0 – 45 No 0.005/2.0 ~18 
(Behera 
et al., 
2010) 

a Recalculated by the experimental data at the fitting concentration range of 0 – 0.04 mg L-1. 
b Recalculated by the isotherm data given in the literature at the fitting concentration range of 0 – 1 mg L-1  
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Table S2 Comparison of various adsorbents for the adsorption of TCP. 

Adsorbent 

Surface 
area Ce 

Adsorption 
plateau 
observed in 
the 
experiment
? 

Estimated 
maximum 
monolayer 
adsorption 
capacity 

Freundlich 
isotherm 
constants 

Maximum 
adsorption 
loading 

Ref. 

m2 g-1 mg L-1 mg g-1 
KF  
(mg g-1)(L 
mg-1)n /n 

mg g-1 

FAU250 789 0 – 4 Yes 314 143/1.90a This work 

Activated 
carbon 
fibers 

920 0 - 90 Yes 481 
240/ 
0.39b 

(Liu et al., 
2010) 

Carbon 
nanotubes 

559 0 - 20 Yes 182 
986.9/ 
2.10c 

(Chen et 
al., 2009) 

BEA250 516 0 – 3.5 No 
6.26/ 
1.39 31 This work 

SBA-15 744 0 - 28 No 
0.716/ 
0.53 

~4 
(Qin et al., 
2012) 

Ash 410 0 - 200 No 
8.43/ 
0.48 

~200 
(Chen et 
al., 2014) 

Coconut 
shell-based 
AC treated 
by base 

935 0 - 500 No 
2.045/ 
0.68 

~120 

(Radhika 
and 
Palanivelu 
2006) 

Coconut 
shell-based 
Commercial 
activated 
carbon 

838 0 - 500 No 
0.944/ 
0.60 

~110 

(Radhika 
and 
Palanivelu 
2006) 

Activated 
clay 

13 0 - 150 No 
4.42/ 
0.69 

~70 
(Hameed 
2007) 

a Recalculated by the experimental data at the fitting concentration range of 0 – 0.63 mg L-1.  
b Recalculated by the isotherm data given in the literature at the fitting concentration range of 0 – 6.3 mg L-1.  
c Recalculated by the isotherm data given in the literature at the fitting concentration range of 0.1 – 0.26 mg 
L-1.  
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Table S3 Comparison of various adsorbents for the adsorption of phenol.  

Adsorbent 

Surface 
area 

Ce 
Adsorption 
plateau 
observed in 
the 
experiment
? 

Estimated 
Maximum 
monolayer 
adsorption 
capacity 

Freundlich 
isotherm 
constants 

Maximum 
adsorption 
loading 

Ref. 

m2 g-1 mg L-1 mg g-1 
KF (mg g-

1)(L mg-1)n 
/n 

mg g-1 

Activated 
carbon 
fibers 

920 0 - 50 Yes 102 29.32/0.94d (Liu et al., 
2010) 

AC 858 0 - 150 Yes 309 
15.74/ 
0.99 

(Roostaei 
and Tezel 
2004) 

MFI140 400 0 - 1400 Yes 48 0.18/0.99 
(Damjanov
ic et al., 
2010) 

BEA43 650 0 - 2400 Yes 68 0.14/0.99 
(Damjanov
ic et al., 
2010) 

MFI750 334 0 - 5 No 1.28/0.80 ~5 This work 

FAU 
zeolitea 355 0 - 210 No 0.047/ 

1.25 
~40 

(Roostaei 
and Tezel 
2004) 

AC 1600 0 - 2600 No 6.25/0.45 ~200 
(Damjanov
ic et al., 
2010) 

Granular 
activated 
carbonb 

1018c 0 - 10 No 21/0.54 74 
(Dobbs 
and Cohen 
1980) 

a Si/Al ratio < 20 
b Filtrasorb 300, commercial granular activated carbon 
c (Newcombe et al., 1993) 
d Recalculated by the experimental data at the fitting concentration range of 0 – 2 mg L-1 
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THE ADSORPTION MECHANISMS OF ORGANIC  

MICROPOLLUTANTS ON HIGH-SILICA ZEOLITES 

CAUSING S-SHAPED ADSORPTION ISOTHERMS 
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Heijman, S.G., & Rietveld, L.C. The adsorption mechanisms of organic micropollutants 
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Abstract 

High-silica zeolites have been proven to be efficient adsorbents for the removal of organic 

micropollutants (OMPs) from water. OMP adsorption on high-silica zeolites is 

characterized by adsorption isotherms with various shapes. The occurrence of an S-shaped 

adsorption isotherm indicates the lack of adsorption affinity for OMPs at low, 

environmentally relevant equilibrium concentrations. In this study, S-shaped isotherms 

were observed during batch experiments with 2,4,6-trichlorophenol (TCP) and FAU 

zeolites. Monte Carlo (MC) simulations in the grand-canonical ensemble were used to 

obtain a better understanding of the mechanism of the S-shaped adsorption isotherms. 

From the MC simulation results, it was observed that multiple TCP molecules were 

adsorbed in the supercages of the FAU zeolites. It was found that the π-π interactions 

between TCP molecules give rise to the adsorption of multiple TCP molecules per 

supercage, and thus causing an S-shaped adsorption isotherm. Simulations also revealed 

that water molecules were preferentially adsorbed in the supercages and sodalite cages of 

the FAU zeolites. FAU zeolites with a higher Al content adsorbed a higher amount of water 

molecules and a lower amount of TCP, and showed less pronounced S-shaped isotherms.  

1 Introduction 

Zeolites are crystalline, microporous aluminosilicates with a well-defined 3-dimensional 

structure, composed of tetrahedral SiO4 and AlO4 clusters connected to each other by 

shared oxygen atoms. To compensate the charge imbalance caused by the Al content of the 

framework, exchangeable cations (usually alkali and alkaline earth cations) are located in 

the cavities of the structure. Due to these intrinsic characteristics, e.g. exchangeable cations 

and a well-defined pore structure, zeolites are widely used as catalysts, molecular sieves, 

and adsorbents for air-pollution remediation, removal of volatile organic compounds, gas 

separation, and catalytic conversion of biomass. (Alonso et al., 2017; Ennaert et al., 2016; 

Li et al., 2017; Perego et al., 2017; Shi et al., 2017; Sun and Wang 2014; Wajima 2012; 

Zhang et al., 2016).  

An important characteristic of zeolites is the ratio of the Si and Al atoms contained. This 

ratio determines the level of hydrophobicity in the framework. Based on the Si to Al molar 

ratio, three types of zeolites can be identified, the low-silica (i.e., Si/Al < 2), the medium-
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silica (i.e., Si/Al = 2 – 5) and the high-silica (i.e., Si/Al > 5) (Burton 2018; Jacobs et al., 

2001). Low- and medium-silica zeolites exhibit a high ion exchange capability and are 

widely applied as water hardness control ingredients in detergents (Maesen and Marcus 

2001). High-silica zeolites are particularly useful for removal of organic micropollutants 

(OMPs) from water, since their hydrophobic nature promotes the adsorption of OMPs 

instead of water (Lobo 1997; Maesen 2007; Tsitsishvili 1973). As the framework type of 

the zeolite defines its unique structural features, including pore opening sizes, and cage 

and channel structures, it highly affects the adsorption efficiency of OMPs (Baerlocher and 

McCusker 2017; Jiang et al., 2018). Various families of commercially available high-silica 

zeolites, including the Faujasite (FAU), Mordenite (MOR), Beta (BEA) and ZSM-5 (MFI) 

types, have been shown to be effective adsorbents for OMP removal from water (Bottero et 

al., 1994; Braschi et al., 2010; Damjanovic et al., 2010; de Ridder et al., 2012; Rakic et al., 

2010; Rossner et al., 2009).  

In the process of OMP adsorption from water on solid adsorbents, the adsorption isotherm 

describes the relation between the equilibrium concentration of OMPs in water and the 

adsorption loading of OMPs on the solid adsorbents. Giles et al. (1974) have divided the 

types of adsorption isotherms into the four groups shown in Figure 1. The C-shaped 

adsorption isotherm (Figure 1a) describes a linear increase of OMP adsorption loading 

with the equilibrium concentration of OMPs in water, which is often used for a narrow 

range of OMP concentrations or for very low OMP concentrations, i.e., from a few ng L-1 to 

several µg L-1 (Limousin et al., 2007). When the adsorbent has a limited number of 

adsorption sites, a plateau in the adsorption isotherm appears after a specific equilibrium 

concentration of OMPs and above, suggesting the saturation of the adsorbent. This results 

in the L-shaped (Figure 1b) and H-shaped (Figure 1c) isotherms. The steeper increase of 

OMP adsorption loading in the H-shaped isotherms compared to the L-shaped ones 

indicates that the zeolites exhibiting H-shaped isotherms have a higher affinity for OMPs.  

In some adsorption processes, the isotherms exhibit a characteristic S-shape (Figure 1d) 

(Inglezakis et al., 2018). This shape can be attributed to the higher attraction between 

OMPs at the surface of the adsorbent or to a complexation reaction of the metallic species 

of OMPs with ligands in water (Hinz 2001; Limousin et al., 2007). In general, the 

occurrence of S-shaped isotherms indicates the unfavorable OMP adsorption at low 

equilibrium concentrations.  
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Figure 1 The four characteristic types of adsorption isotherms as classified by Giles et al., (1974): 

(a) C-shaped, (b) L-shaped, (c) H-shaped, and (d) S-shaped. 

Traditionally, the adsorption of OMPs on adsorbents are mostly obtained from batch 

experiments. It has been observed in several experimental studies that the adsorption of 

various OMPs from aqueous solutions on high-silica zeolites result in different types of 

adsorption isotherms. The adsorption of hydroxycinnamic acids, i.e., p-coumaric acid and 

ferulic acid, on high-silica zeolites were studied by Simon et al. (2015). At the equilibrium 

concentration range of 0 – 1 g L-1, BEA zeolites showed H-shaped isotherms, while FAU 

zeolites gave L-shaped isotherms, indicating that BEA zeolites, having smaller pore sizes, 

have a higher affinity for the hydroxycinnamic acids than FAU zeolites. The plateaus in 

both isotherms have been attributed to the saturation of the micropores of the zeolites 

with hydroxycinnamic acids. Zhang et al. (2014) studied 2,4,6 trichlorophenol (TCP) 

adsorption on FAU zeolites. At an equilibrium concentration of 0 – 30 mg L-1, a C-shaped 

adsorption isotherm was obtained.  

Although the adsorption experiments can be used to design or optimize zeolite-based 

adsorbents for the removal of OMPs from water, they do not provide any information on 

the exact adsorption mechanisms (Sparks 2003). To that end, molecular simulation 

provides the necessary atomistic resolution needed to promote the deeper understanding 

of the governing physical-chemical mechanisms in adsorption equilibrium, and to further 

guide adsorption experiments. During the last three decades molecular simulations are 

actively performed in order to support experiments in various industrial and 

environmental processes (Mackie et al., 1997; Martí-Renom et al., 2000; Wilmer et al., 

2012). In particular, Monte Carlo (MC) simulations with classical force fields have been 

used to study adsorption processes in porous media including metal-organic frameworks 

(Düren et al., 2009; Erdős et al., 2018; Getman et al., 2011), zeolites (Fuchs and Cheetham 

2001; Smit and Krishna 2003), and activated carbon (Matranga et al., 1992; Müller et al., 
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1996). Due to the high interest in zeolite structures for adsorption-based applications in 

energy storage (Dalebrook et al., 2013; Jänchen et al., 2004; Lin et al., 2012), gas separation 

(Bowen et al., 2004; Tomita et al., 2004), and wastewater treatment (Babel and Kurniawan 

2003; Metes et al., 2004; Shevade and Ford 2004), numerous MC simulation studies have 

been carried out to explain the adsorption mechanisms of various compounds and 

mixtures (Brunchi et al., 2012; Calero and Gómez-Álvarez 2015; Du et al., 1998; Maginn et 

al., 1995; Smit and Siepmann 1994).  

2,4,6 trichlorophenol (TCP) is an organic compound widely used for the production of 

industrial products, e.g., fungicide and herbicide. As a result, TCP has been repeatedly 

reported to occur in water bodies (Gao et al., 2008; Halappa Gowda et al., 1985; Najm et al., 

1993; Verschueren 2001) as an important OMP, among others. In the present work, the 

adsorption of TCP from water on high-silica FAU zeolites was studied by means of both 

adsorption experiments and MC simulation. FAU zeolites were chosen due to their large 

pore size and amount of micropores, which is shown to have a high adsorption loading for 

various OMPs (Fukahori et al., 2011; He and Cheng 2016; Koubaissy et al., 2011; Yonli et al., 

2012). The schematic representation of the framework of FAU is shown in Figure 2.  

Figure 2. The pores in FAU zeolites are made of supercages and sodalite cages with pore opening 

diameters 7.4 Å and 2.3 Å, respectively (Baerlocher et al., 2007; Faux et al., 1997).  

In batch experiments of TCP adsorption on high-silica FAU zeolites, an S-shaped 

adsorption isotherm was obtained. To the best of our knowledge, this is the first time that 

an S-shaped isotherm has been reported for the adsorption of OMPs on high-silica zeolites. 

In this context, MC simulations were carried out to investigate the adsorption mechanisms 

of the occurring S-shaped isotherm. Moreover, this is also one of the very few MC 
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simulation studies reporting the adsorption of organics from water on high-silica zeolites 

(DeJaco et al., 2016; Narasimhan et al., 2013; Yazaydin 2007). To understand the 

adsorption mechanism, causing the S-shaped adsorption isotherm, the experimentally 

measured and the computed adsorption isotherms were compared qualitatively. The 

relation between the amount of Al content in FAU zeolites and the occurrence of S-shaped 

isotherms was also discussed.  

2 Materials and methods 

2.1 Materials 

TCP standards for chromatography analyses were purchased from Sigma-Aldrich, the 

Netherlands. The basic physiochemical properties of TCP are listed in Table 1. 

Table 1 The physicochemical characteristics of TCP 

IUPAC name 
Chemical 
formula 

Molecular 
weight  
(g mol-1) 

Solubility 
in water 
(mg L-1) a 

Log D 
at pH 
6 b 

pka b 
Molecular size 
(Å*Å*Å)c 

Chemical 
structure 

2,4,6-
trichlorophenol 

C6H3Cl3O 197.45 800 3.58 6.2±0.4 5.43*0.32*6.28 

a Estimated by EPIWEB 4.1 
b Estimated by ACD/LABs PhysChem Module (Algorithm Version: 5.0.0.184) 
c Estimated by Hyperchem 7.0 after geometric optimization 

Table 2 Information of the high-silica zeolites studied. 

Zeolite namea Product name Supplier Si/Al ratiob 

FAU250 390HUA Tosoh 250 

FAU50 385HUA Tosoh 50 

FAU40 CBV901 Zeolyst 40 

FAU30 CBV760 Zeolyst 30 

a The names of the zeolites in this study were based on the framework type and the Si/Al ratio.  
b Si/Al ratio provided by the suppliers.  
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High-silica zeolite powders of FAU framework were provided by suppliers. The names, 

suppliers and Si/Al ratios of zeolites are listed in Table 2.  

2.2 Adsorption experiments 

Batch adsorption experiments were conducted in demineralized water. The FAU zeolites 

(30 mg L-1) were dosed in the 100 ml TCP aqueous solution with the TCP concentrations 

ranging from 0 to 50 µmol L-1. After the equilibrium time of 24h at room temperature 

(25±1 oC), the zeolites were separated from the TCP solution by membrane filtration (0.2 

µm syringe filter, Whatman SPARTANTM).  

2.3 High performance liquid chromatography (HPLC) analyses 

The concentration of filtrated TCP solution was determined by HPLC (Shimadzu, Japan) 

with a C18 column (Phenomenex® KINETEX, 4.6mm) at 30 oC. HPLC-grade acetonitrile 

(Sigma-Aldrich, the Netherlands) and ultra-pure water (Milli-Q ultra-pure water system) 

were mixed as the mobile phase with a ratio of 65:35 (v:v). The flow rate of the mobile 

phase was 1.0 ml min-1. The wavelength of the UV detector was set at 280 nm.  

2.4 Monte Carlo simulation 

2.4.1 Force fields 

The force field parameters for TCP, water and zeolites were taken from the Generalized 

Amber Force Field (GAFF) (Wang et al., 2004), Extended Single Point Charge (SPC/E) 

(Berendsen et al., 1987) and Clay Force Field (ClayFF) (Cygan et al., 2004) models, 

respectively. The choice of these force fields is based on the study by Narasimhan et al. 

(2009) in which it was shown that a similar force field combination was able to reproduce 

experimental results of the adsorption of paracresol and water onto MFI zeolites 

reasonably well. As discussed earlier, the adsorption isotherms computed from MC 

simulations were used only to obtain physical insight into the adsorption mechanisms. To 

this end, no modifications in the force fields or cross interactions parameters between the 

different species were applied to achieve better agreement with the experimental 

measurements. Moreover, exhaustive simulations using various other force field 

combinations was also not the scope of this study. All the force field parameters used in 

this study are listed in Table S1 in the Supporting Information.  
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2.4.2 Simulation details 

All MC simulations were carried out using the Cassandra open source software package 

V1.2 (Shah et al., 2017). In the Cassandra software package the chemical potential, which is 

imposed in the GCMC simulations is shifted with a value containing the partition functions 

of the molecules which are inserted in the simulation box. To be able to convert this shifted 

chemical potential to equilibrium concentration additional simulations are performed. The 

details of the applied method is shown in Section S2 in the Supporting Information.  

Short-range van der Waals interactions were considered by the (12−6) Lennard-Jones 

potential (see Equation S1 in the Supporting Information). For the mixed pair potentials 

the Lorentz-Berthelot mixing rules (Allen and Tildesley 2017) were used (see Equation S2 

in the Supporting Information). Long-range electrostatic interactions were considered by 

the Ewald summation method (Frenkel and Smit 2001) with a relative precision of 10−5. 

For the LJ and electrostatic interactions a cutoff radius of 14 Å with analytic tail correction 

was applied. In all simulations, 8 unit cells per simulation box (a 2x2x2 supercell) were 

used and periodic boundary conditions were imposed in all direction. The zeolite 

framework was considered rigid in all simulations. This approach is often being applied in 

simulations of nanoporous materials to prevent the necessity of excessive computational 

efforts (Vlugt and Schenk 2002). Zeolite frameworks with specified Si/Al ratios were 

created based on the structures reported by Hriljac et al. (1993). The desired Si/Al ratios 

were achieved by randomly exchanging silicon atoms with aluminum atoms while obeying 

Löwnstein’s rule which states that the Al – O – Al bonds are prohibited in zeolites (Hriljac 

et al., 1993). The number of sodium atoms were adjusted in accordance to the number of 

aluminum atoms to ensure the electro-neutrality of the framework. The sodium atoms 

were fixed at their crystallographic position in order to simplify the simulation scheme. It 

is important to note that the choice of fixing the sodium or allowing it to move in the 

zeolite framework may vastly affect the computed adsorption isotherms as shown by 

Calero et al. (2004) in alkane adsorption onto FAU zeolites. The effect of fixing the sodium 

ion to the framework has not yet been studied in MC simulations of adsorption from the 

liquid phase. Thus, further investigation is needed to show the exact magnitude of this 

effect on the computed adsorption isotherms.  

To obtain the adsorption isotherms, Configurational-Bias Monte Carlo (CBMC) simulations 

in the grand-canonical (μVT) ensemble (GCMC) were performed (Frenkel and Smit 2001). 
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The following types of trial moves were used: translations (∼12%), rotations (∼12%), 

partial regrowth (∼10%) and molecule exchanges with the reservoir (∼66%). In all MC 

runs an equilibration period of 5,000,000 MC steps was performed. After the equilibration, 

production runs of 15,000,000 MC steps were carried out, from which ensemble averages 

were calculated.  

The MC simulations were performed for the FAU250, FAU50, FAU40 and FAU30 

frameworks. The Si/Al ratios and the number of Al atoms in the framework are listed in 

Table 3. The simulated zeolite frameworks cover a wider Si/Al range compared to the 

batch experiments. The Si/Al in simulations was in the range 5 – 250, while in experiments 

was in the range 30 – 250.  

Table 3 The list of the FAU zeolite frameworks used in the MC simulations. 

Zeolite name 
Si/Al ratio in  
simulated box 

Numbers of Al atom in 
the framework 

Number of  
Supercages/Sodalite 
cages in the framework 

FAU250 255 6 

64/64 

FAU50 50 30 

FAU40 41 37 

FAU30 30 50 

FAU5 9 156 

3 Results and discussion 

3.1 TCP adsorption on FAU zeolites: Experimental and simulation results 

The experimental results of TCP adsorption isotherms on FAU zeolites with varying Al 

content are shown in Figure 3. The adsorption isotherms of TCP on FAU250, FAU50 and 

FAU40 had an S shape, while FAU30 exhibited a C-shaped isotherm. As observed from the 

adsorption plateaus of S-shaped isotherms, the maximum adsorption loading of TCP on 

FAU250, FAU50 and FAU40 followed the order FAU250 > FAU50 > FAU40. This indicates 

that TCP adsorption on FAU zeolites, including the TCP loading and the shape of the 

adsorption isotherms, was driven by the Si/Al ratio of the zeolite. In the studied 
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equilibrium concentration range of 0 – 20 µmol L-1, the highest TCP adsorption loading on 

FAU30 was less than 400 µmol g-1.  

Figure 3 The adsorption isotherm of TCP on FAU zeolites from batch experiments represented by 

solid symbols.  

In Figure 4, the simulated adsorption isotherms of TCP on FAU zeolites with varying Al 

contents are shown. As shown in Figure 4, the simulated adsorption isotherms of all five 

FAU zeolites, including FAU5 (which was not tested in batch experiments), were S-shaped. 

The adsorption loadings of TCP on FAU zeolites followed the same order as in the 

experiments: FAU250 > FAU50 > FAU40 > FAU30 > FAU5. As can be seen in Figure 4, the 

adsorption isotherms for FAU250 and FAU50 computed from MC simulations exhibited 

almost identical maximum loading to the respective experimentally measured isotherms. 

By incorporating more Al atoms in the framework, the S-shape of the adsorption isotherms 

became less pronounced. This is also in line with the experimental measurements shown 

in Figure 3, indicating that MC simulations captures the effect of Si/Al ratio on the shape of 

the adsorption isotherm.  

The adsorption loading of TCP on FAU40 was underestimated in the simulation, showing a 

deviation of ~300 mg g-1 from experimental results. The simulated adsorption isotherms 

of FAU30 zeolites was S-shaped with a maximum TCP loading of ~1200 mg g-1 (Figure 4), 

while the adsorption loading of FAU30 obtained from experiments was ~ 400 mg g-1, 

which is observed from an C-shaped isotherm without adsorption plateau (Figure 3). The 

equilibrium concentration at which the adsorption step occurs in the isotherms computed 
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from MC simulations is not as pronounced as in the experimentally measured ones, and 

moreover, it seems to deviate quite significantly.  

 

Figure 4 The adsorption isotherm of TCP on FAU zeolites from MC simulation represented by open 

symbols.  

The possible reason for the discrepancies between experiments and MC simulations is the 

force fields representing the adsorbent and adsorbates, as well as the fact that sodium ions 

are fixed in the FAU crystal. Since there were no prior MC simulations of the co-adsorption 

of water and TCP onto zeolites, the force fields representing water, TCP and zeolites were 

chosen based on the study by Narasimhan et al. (2009), where the adsorption of water and 

paracresol onto MFI zeolites was studied. As stated earlier, no modification or refitting of 

the individual force fields was performed in the current study. However, such 

modifications in order to improve the accuracy of the simulations, can be realized in 

several ways: e.g., by optimizing the Lennard-Jones parameters or atomic charges, by 

explicitly including polarization effects, and by modifying the intermolecular interactions 

between Al atoms and the adsorbates. Although such modifications may give a better 

agreement between the simulation and experimental results, their implementation 

requires significant computational effort which is out of the scope of this study.  

3.2 The adsorption mechanisms behind the S-shaped adsorption 
isotherms 

Since the adsorption isotherms for FAU250 computed from MC simulations exhibited 

almost identical maximum loading to the experimentally measured adsorption isotherms, 
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the MC simulation results of FAU250 were further used to understand the adsorption 

mechanisms of S-shaped adsorption isotherm.  

In Figure 5, the average number of adsorbed TCP molecules in the supercages of FAU250 

are plotted as a function of the equilibrium concentration of TCP. The number of adsorbed 

TCP molecules increased with the increase of TCP equilibrium concentration and the S-

shaped curves is observed from Figure 5. The S-shaped curves were qualitatively 

characterized by a division of three stages. At the low coverage range (equilibrium 

concentration < 0.15 µmol L-1), a minimal amount of TCP molecules (close to 0) were 

adsorbed on the FAU250 zeolites. There was 0 to 1 TCP molecule adsorbed in the 

supercages. The average number of adsorbed TCPs increased considerably at the 

transition stage (equilibrium concentration of 0.15 to 10 µmol L-1). At the stage of high 

coverage (equilibrium concentration > 10 µmol L-1), the maximum number of adsorbed 

TCP is observed from the plateau.  

As shown in Figure 5, the S-shaped curves are observed for both supercages without Al 

and supercages with Al, while the maximum number of adsorbed TCP in two types of 

supercages varied. A supercage provided accommodation to approximately 2 TCP 

molecules in Al containing cages and 2.5 TCP molecules in the none-Al containing cage, 

respectively. In the supercages with no Al atom, a maximum of 3 TCP molecules could be 

adsorbed.  

Figure 5 The number of adsorbed TCP molecules in the supercages of FAU250 zeolite computed 

from the MC simulations.  
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The simulated arrangement of the adsorbed TCP molecules with water molecules in the 

supercages without Al are shown in Figure 6. When 1 TCP molecule was adsorbed in the 

supercage, TCP preferably excluded the water molecules in between and was arranged 

close to the wall of the cage (Figure 6a). In the supercages with 2 or 3 adsorbed TCP 

molecules, less water molecules were adsorbed and the TCP molecules obtained a parallel 

configuration, with benzene rings facing each other (Figure 6b and 6c).  

Figure 6 The arrangements of TCP and water molecules in the none-Al containing supercages of 

FAU250 zeolites: (a) 1 TCP, (b) 2 TCP, (c) 3 TCP molecule(s) per cage at TCP equilibrium 

concentration equal to (a) 4.6, (b) 77.6 and (c) 77.6 µmol L-1. The characteristic distance between 

the center of mass of the benzene rings in the TCP molecules is shown as d1. 

To obtain further information about the structure of adsorbed molecules in the framework, 

the radial distribution function (RDF) was calculated (Allen and Tildesley 2017). The RDF, 

usually represented as g(r), defines the probability of finding a particle at distance r from 

another tagged particle. In Figure , the RDF between the center of mass of benzene rings on 

the FAU250 framework at TCP equilibrium concentration of 77.6 µmol L-1 is shown. From 

Figure , it is observed that the characteristic distance between two TCP molecules was 

~3.7 Å, which is a typical packing distance between π - π stacked aromatic groups (3.4 Å - 

3.8 Å). This is in line with literature (Janiak 2000; Martinez and Iverson 2012) as TCP 

molecules in aqueous solutions could experience π – π interactions, as a form of lateral 

interactions in the supercages. The lateral interaction considerably promoted TCP 

adsorption at the transition stage (Figure 5), and led to the S-shaped adsorption isotherm.  
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Figure 7 Radial distribution function (RDF) of mass center of benzene rings in TCP molecules 

adsorbed on FAU250 at a TCP equilibrium concentration equal to 77.6 µmol L-1. The characteristic 

distance between two benzene rings is indicated by the first peak of the RDF around r = 3.7 Å.  

The π- π interaction could occur between two TCP molecules with C – C π electrons, 

originating from benzene rings of TCP molecules. The C – C π electrons of TCP molecules 

could shift from the center of the benzene ring due to electron donating of hydroxyl groups 

and electron withdrawing of chlorine atoms to the conjugated π electron. Thus, two TCP 

molecules could form a π - π interaction with an offset stacked conformation other than a 

perfect face-to-face alignment, as clearly shown from the simulation snapshots in Figure 6. 

In this conformation, most of the surface of TCP molecules were covered by each other and 

the π - π interaction between TCP molecules is expected to be strong (Waters 2002).  

3.3 The effect of water adsorption on the occurrence of S-shaped 
adsorption isotherms and TCP adsorption  

In Figure 8, the number of adsorbed water molecules in supercages of FAU250 is plotted as 

a function of the equilibrium concentration of TCP. Figure 8 shows that the number of 

water molecules in the supercages of FAU250 decreased with equilibrium concentration of 

TCP. Al-containing cages had a higher number of adsorbed water molecules than the cages 

without Al. At the higher equilibrium concentration (> 77 µmol L-1), about 8 water 

molecules per cage were adsorbed in the supercages with Al atom, while approximately 5 

molecules per cage were adsorbed in the supercages without Al atom. Compared to water 

adsorption in sodalite cages (0 – 3 water molecules per cage, Figure 10), more water 
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molecules were adsorbed in supercages (8 – 25 water molecules per cage, Figure 8). This 

can be attributed to the much less space inside sodalite cages than supercages (Baerlocher 

et al., 2007).  

Figure 8 Number of adsorbed water molecules in the supercages of FAU250 zeolite.  

The arrangement of the adsorbed water and TCP molecules in the Al-containing 

supercages are shown in Figure 9. The distance between hydrogen atoms from water and 

the oxygen atoms of zeolites, which are connected to Al atom, was computed to be 1.7 Å. In 

the Al-containing supercages with one TCP molecule adsorbed, a total number of 19 water 

molecules were adsorbed (Figure 9a), while 10 water molecules were adsorbed in the 

supercages with 2 adsorbed TCP molecules (Figure 9b). In the non Al-containing 

supercages, however, 14 water molecules were co-adsorbed along with one TCP molecule, 

and 3 water molecules were co-adsorbed along with two TCP molecules (Figure 6). This is 

in line with the results presented in Figure 9, where it is shown that more water molecules 

were adsorbed in the supercages with Al. The Al-containing supercages with 3 adsorbed 

TCP molecules were not found in the simulation box, since water molecules hinder the TCP 

adsorption due to the limited space in the supercages.  
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Figure 9 The arrangements of TCP and water molecules in the supercages of FAU250 zeolite with 

Al atom: (a) 1 TCP molecule per cage at the equilibrium concentration equal to 4.6 µmol L-1 (b) 2 

TCP molecules per cage at the equilibrium concentration equal to 77.6 µmol L-1.  

The number of adsorbed TCP molecules in sodalite cages of FAU250 zeolites is plotted as a 

function of the equilibrium concentration of TCP in Figure 10. As shown in Figure 10, 

water adsorption in sodalite cages was not affected by the equilibrium concentration of 

TCP. The sodalite cages with Al atom had an average number of approximately 1.5 water 

molecules per cage with a variation from 1 to 2 water molecules per cage, while the 

sodalite cages without Al atom exhibited almost no ability for water adsorption.  

Figure 10 Number of adsorbed water molecules in the sodalite cages of FAU250 zeolite.  

The RDF between the hydrogen atom from water and the oxygen atom connected to Al 

atom of FAU250 zeolites was calculated to determine the structures of adsorbed water 
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molecules on FAU250 zeolite. As shown in Figure 11a, one peak is observed at the distance 

of 1.7 Å, which is the typical H-bond length (Wallwork 1962). Thus, we can safely conclude 

that water molecules were being adsorbed on FAU zeolites by forming H-bonds with the 

framework. Narasimhan et al. (2013) indicated that the existence of water clusters could 

weaken the interaction of water molecules with zeolites, as well as the interaction of OMPs 

with zeolites, which, however, would strengthen the interactions between OMPs and water. 

The two wide peaks at distances of 2.9 Å and 4.0 Å shown in Figure 11a, indicate that 

water molecules which do not form H-bonds with the FAU framework formed water 

clusters.  

As shown in Figure 11b, the RDF between the O atom of adsorbed water molecules and Al 

atom of zeolite framework has a strong peak at distance of approximately 3.4 Å. Bolis et al. 

(2006) suggested that water molecules were adsorbed on zeolites by interacting with the –

Si-O-Si- groups of zeolites. The distance of 3.4 Å between Al atom of zeolites and water 

molecules, shown in Figure 11b, clearly indicate that there was an additional driving force 

for water adsorption on the supercages (Figure 8) and sodalite cages (Figure 10) of the 

FAU zeolite. The additional driving forces from Al atoms might cause an extra number of 

water molecules to be adsorbed in the supercages (Figure 8) and sodalite cages (Figure 

10). Due to the additional water adsorption on Al atom, FAU zeolite with higher Al content 

(lower Si/Al ratio) had a lower TCP adsorption loading and less pronounced S-shaped 

adsorption isotherms (Figure 3and 4). Zhang et al. (2014) studied TCP adsorption on FAU 

zeolites with Si/Al ratio 30 and observed a C-shaped adsorption isotherm, which confirms 

the finding in the present study. The occurrence of C-shaped isotherm instead of S-shaped 

isotherm was attributed to the low Si/Al ratio of FAU zeolites.  
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(b) 

Figure 11 Radial distribution function (RDF) of (a) H atom from water molecules and O atom 

connected to Al atom of FAU250 framework; (b) O atom from water molecules and Al atom from 

FAU250 framework at the TCP equilibrium concentration equal to 77.6 µmol L-1  

The supercages of FAU zeolite with large pore opening and inner sizes provided the basic 

conditions for the accommodation of multiple TCP molecules and their lateral interaction 

in the presence of water molecules, which was crucial for the occurrence of the S-shaped 

adsorption isotherms. In the zeolite frameworks with channels, the adsorbed OMPs 

preferred to be located in the channels and channel intersections, whereas water 

molecules preferably adsorbed in the vicinity of the OMP molecules (Boulet et al., 2009; 

DeJaco et al., 2016; Guvenc and Ahunbay 2012). Due to the hindering of water molecules, 

the lateral interaction of adsorbed OMP molecules would be negligible. Therefore, the S-

shaped adsorption isotherm was not observed in previous literature, which studied OMP 

adsorption on zeolites frameworks with channels, e.g. BEA and MFI type zeolites 

(Damjanovic et al., 2010; Gonzalez-Olmos et al., 2013; Reungoat et al., 2007).  

4 Conclusions 

In this study, MC simulations were used to explain the mechanism of S-shaped adsorption 

isotherms of TCP adsorption on high-silica FAU zeolites. This study shows that the 

occurrence of S-shaped adsorption isotherms was attributed to the lateral interaction of 

TCP, e.g., the π- π interaction. The supercages of FAU zeolites provided a possible 

accommodation for multiple TCP molecules as a potential condition of lateral interactions 

of TCP. Water molecules were adsorbed in the sodalite cages and supercages of FAU 
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zeolites by forming H-bonds with the framework of zeolites. Compared to the none-Al 

containing supercages, more water molecules were stably adsorbed as water clusters in 

the supercages of FAU zeolites with Al content. An additional amount of adsorbed water 

molecules in Al-containing supercages could inhibit TCP adsorption and could prevent the 

occurrence of an S-shaped adsorption isotherm. FAU zeolites with higher Si/Al ratio, 

therefore, had evident S-shaped adsorption isotherms, and, meanwhile, achieved higher 

TCP adsorption loadings compared to FAU zeolites with lower Si/Al ratios. MC simulation 

has thus been proven to be a powerful tool to study the adsorption of OMPs in water to 

support experimental results. Performing MC simulation will further allow investigating 

the adsorption mechanisms of OMP adsorption from the view of molecular interaction 

between OMPs, OMP and adsorbents as well as water and adsorbents.  

The unfavourable adsorption of OMPs have been widely observed from OMP adsorption on 

solid adsorbents. The low adsorption capacity would be followed by a steep increase of 

OMP adsorption capacity at a certain equilibrium concentration, showing the typical 

feature of S-shaped isotherms. This study suggests that the increase of OMP adsorption 

capacity was caused by the interaction between OMPs. Except for the π- π interaction 

between TCP molecules in this study, various types of OMP interactions might exist as 

driving forces for OMP adsorption, since the physicochemical properties of OMPs also vary.  
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Supporting information 

S1 Simulation details 

In force field based Monte Carlo simulations the total interaction energy, 𝐸𝐸𝑟𝑟𝑜𝑜𝑟𝑟 , between 

atoms and molecules is computed from:  

𝐸𝐸𝑆𝑆𝑛𝑛𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑆𝑆𝑜𝑜𝑛𝑛 = 𝐸𝐸𝑛𝑛𝑜𝑜𝑛𝑛𝑛𝑛𝑜𝑜𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 + 𝐸𝐸𝑛𝑛𝑜𝑜𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛  Equation S1 

S1.1 Nonbonded interactions 

To calculate the nonbonded interactions between two atoms, the short range van der 

Waals interactions are taken into account by the (12-6) Lennard-Jones potential (𝐸𝐸𝐿𝐿𝐿𝐿) and 

the electrostatic interactions are calculated using the Coulomb’s law (𝐸𝐸𝑒𝑒𝐴𝐴𝑒𝑒𝑖𝑖𝑟𝑟𝑟𝑟𝑜𝑜𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑖𝑖). 

𝐸𝐸𝑛𝑛𝑜𝑜𝑛𝑛𝑛𝑛𝑜𝑜𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 = 𝐸𝐸𝐿𝐿𝐿𝐿�𝑟𝑟𝑆𝑆𝑖𝑖� + 𝐸𝐸𝑒𝑒𝐴𝐴𝑒𝑒𝑖𝑖𝑟𝑟𝑟𝑟𝑜𝑜𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑖𝑖�𝑟𝑟𝑆𝑆𝑖𝑖� = 4𝜀𝜀𝑆𝑆𝑖𝑖 ��
𝜎𝜎𝑆𝑆𝑖𝑖
𝑟𝑟𝑆𝑆𝑖𝑖
�
12

− �
𝜎𝜎𝑆𝑆𝑖𝑖
𝑟𝑟𝑆𝑆𝑖𝑖
�
6

� +
𝑞𝑞𝑆𝑆𝑞𝑞𝑖𝑖

4𝜋𝜋𝜖𝜖0𝑟𝑟𝑆𝑆𝑖𝑖
 

 Equation S2 

where 𝜀𝜀𝑆𝑆𝑖𝑖 and 𝜎𝜎𝑆𝑆𝑖𝑖 are the LJ parameters, and 𝑟𝑟𝑆𝑆𝑖𝑖 is the distance between particle i and j, 𝑞𝑞𝑆𝑆 .is 

the atomic charge of atom i, 𝜖𝜖0 is the permittivity of vacuum. The LJ parameters for the 

interaction between different types of particles is calculated according to the Lorentz-

Berthelot mixing rules:  

𝜀𝜀𝑆𝑆𝑖𝑖 = �𝜀𝜀𝑆𝑆𝑆𝑆𝜀𝜀𝑖𝑖𝑖𝑖  Equation S3 

𝜎𝜎𝑆𝑆𝑖𝑖 = 𝜎𝜎𝑖𝑖𝑖𝑖+𝜎𝜎𝑗𝑗𝑗𝑗
2

 Equation S4 

The LJ parameters and atomic charges used in this study are listed in Table S1. 

S1.2 Bonded interactions 

To calculate the total energy of the system, two types of bonded interactions, the bond-

angle bending and dihedral angle torsion are taken into account:  

𝐸𝐸𝑛𝑛𝑜𝑜𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 = 𝐸𝐸𝑟𝑟𝑛𝑛𝑎𝑎𝐴𝐴𝑒𝑒 + 𝐸𝐸𝑛𝑛𝑆𝑆ℎ𝑒𝑒𝑛𝑛𝑟𝑟𝑟𝑟𝐴𝐴 Equation S5 
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where, 

𝐸𝐸𝑟𝑟𝑛𝑛𝑎𝑎𝐴𝐴𝑒𝑒 = ∑ 𝐾𝐾𝜃𝜃(𝜃𝜃 − 𝜃𝜃0)2𝑟𝑟𝑛𝑛𝑎𝑎𝐴𝐴𝑒𝑒𝑒𝑒  Equation S6 

and 

𝐸𝐸𝑛𝑛𝑆𝑆ℎ𝑒𝑒𝑛𝑛𝑟𝑟𝑟𝑟𝐴𝐴 = ∑ 𝑎𝑎0�1 + 𝑐𝑐𝑐𝑐𝑐𝑐(𝑎𝑎1𝜙𝜙 − 𝛿𝛿)�𝑛𝑛𝑆𝑆ℎ𝑒𝑒𝑛𝑛𝑟𝑟𝑟𝑟𝐴𝐴𝑒𝑒  Equation S7 

where, 𝐾𝐾𝜃𝜃 is the force constant for bond-angle bending, 𝜃𝜃 is the bond angle, 𝜃𝜃0 is the 

equilibrium bond angle, 𝜙𝜙 is the dihedral angle and 𝑎𝑎0,𝑎𝑎1, 𝛿𝛿 are coefficients of the dihedral 

angle potential. The bond lengths are fixed in all simulations. The parameters used to 

calculate the bonded interactions in this study are listed in Table S2 and Table S3.  

Table S1 Lennard--Jones parameters and atomic charges used in the simulations. Atom names are 

shown in Figure S1 for TCP. 

Molecule Atom name Atom type 𝜀𝜀𝑆𝑆𝑆𝑆 𝑘𝑘𝐵𝐵⁄   /  (K) 𝜎𝜎𝑆𝑆𝑆𝑆  / (Å) 𝑞𝑞𝑆𝑆 (e) 

2,4,6-trichlorophenol 

C1 CA 43.277 3.400 0.543841 

C2 CA 43.277 3.400 -0.246516 

C3 CA 43.277 3.400 -0.246516 

C4 CA 43.277 3.400 0.073606 

C5 CA 43.277 3.400 0.073606 

C6 CA 43.277 3.400 -0.143285 

O O 105.877 3.066 -0.524338 

Cl1 CL 85.547 3.475 -0.051323 

Cl2 CL 85.547 3.475 -0.051323 

Cl3 CL 85.547 3.475 -0.083382 

H1 HA 7.550 2.600 0.141479 

H2 HA 7.550 2.600 0.141479 

H3 HO 0.000 0.000 0.372672 

Water 
O OW 78.208 3.166 -0.8476 

H HOW 0.000 0.000 0.4238 

Zeolite 

Si SI 0.0 3.302 2.1 

Al AL 0.0 3.302 1.575 

OSi OSI 78.2 3.166 -1.05 

OAl OAL 78.2 3.166 -1.16875 

Na NA 65.5 2.35 1 
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Table S26 Bond angle bending parameters for all angle types used in this study. The atomtypes 

are shown for each in Table S1. 

Molecule Bond 𝐾𝐾𝜃𝜃 / [K rad-2] 𝜃𝜃0 / [degrees] 

2,4,6-trichlorophenol 

CA-CA-CA 33806.3 120.00 

CA-O-CA 35149.9 120.00 

CA-CA-CL 31662.6 120.00 

CA-CA-HA 24386.0 120.00 

CA-O-HO 24582.3 109.47 

Water HW-OW-HW fixed 109.47 

Table S3 Dihedral angle torsion parameters for all dihedral type used in this study. The atomtypes 

are shown for each in Table S1. 

Molecule Dihedral angle 𝑎𝑎0 / [kJ mol-1] 𝑎𝑎1 / [-] 𝛿𝛿 / [degrees] 

2,4,6-trichlorophenol 

CA-CA-CA-CA 15.166 2 180 

CA-CA-O-HO 3.765 2 180 

CA-CA-CA-CL 4.6 2 180 

CA-CA-O-CA 4.6 2 180 

CA-CA-CA-HA 4.6 2 180 

Figure S1 Representation of the TCP molecule with atom names shown in red color. 

S2 Chemical potential conversion to concentration 

S2.1 Obtaining chemical potential from the shifted chemical potential 

In the Cassandra software package the chemical potential is defined as: 
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𝜇𝜇′ =  𝜇𝜇 + kB𝑇𝑇 ln �𝑄𝑄rot+int
𝑍𝑍fragΩdih

𝑍𝑍int
� Equation S8 

where 𝜇𝜇′ is the shifted chemical potential, 𝜇𝜇 is the chemical potential, 𝑄𝑄𝑟𝑟𝑜𝑜𝑟𝑟+𝑆𝑆𝑛𝑛𝑟𝑟  is the 

rotational and internal degrees of freedom partition function, 𝑍𝑍𝑆𝑆𝑛𝑛𝑟𝑟 is the internal degrees of 

freedom configurational partition function, Ω𝑛𝑛𝑆𝑆ℎ  is equal to (2π)𝑁𝑁𝑓𝑓𝑤𝑤𝑤𝑤𝑟𝑟−1 , 𝑍𝑍𝑓𝑓𝑟𝑟𝑟𝑟𝑎𝑎  is the 

configurational partition function of the fragments of the molecule. To obtain the chemical 

potential based on Equation S8, the following steps were followed in this work: 

1. Monte Carlo (MC) simulations are carried out in the grand canonical (GC)

ensemble for a range of shifted chemical potentials at temperature T inserting

TCP as an ideal gas.

2. Based on the results obtained in the GCMC simulations (the number of inserted

molecules, and the pressure) the chemical potential of an ideal gas is calculated.

3. The shift in the chemical potential is calculated as the difference between the

imposed shifted chemical potential and corresponding ideal gas chemical

potential.

S2.2 Converting chemical potential 

The conversion of the chemical potential to equilibrium concentration is based on the 

work of Xiong et. al. (2011). To obtain the equilibrium concentration, the following steps 

were carried out:  

1. The excess chemical potential of TCP in water is calculated by using the Continuous

Fractional Component Monte Carlo (CFCMC) method (𝜇𝜇𝐴𝐴∞ in the work of Xiong et. al.

(2011)).

2. The chemical potential is calculated using the shift value (see Section S2.1) from the

shifted chemical potential. The obtained chemical potential is converted into fugacity

using the following equation:

𝜇𝜇 =  𝜇𝜇ideal + ln (kB𝑅𝑅𝑓𝑓𝐴𝐴)
kB𝑅𝑅

Equation 9 

where 𝜇𝜇ideal is the ideal gas chemical potential of TCP, 𝑓𝑓𝐴𝐴  is the fugacity of TCP. 

3. Based on the calculated fugacity, the mole fraction of TCP is calculated using the

following equation:



92 | Chapter 4 

𝑓𝑓𝐴𝐴 =  𝜌𝜌 kB𝑇𝑇 exp �𝜇𝜇𝐴𝐴
∞

kB𝑅𝑅
� 𝑒𝑒𝐴𝐴 Equation 10 

where 𝜌𝜌 is the number density of TCP in the bulk phase, kB is the Boltzmann constant, 

𝑇𝑇 is the temperature, 𝑒𝑒𝐴𝐴 is the mol fraction of TCP in the bulk phase.  



CHAPTER 5 

ADSORPTION OF PHARMACEUTICALS ON 

HIGH-SILICA ZEOLITES AFFECTED BY NATURAL 

ORGANIC MATTERS 

This Chapter is based on: Jiang N., Shang R., Heijman S.G.J., Rietveld L.C., Adsorption of 

pharmaceuticals on high-silica zeolites affected by natural organic matters, in preparation.  
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Abstract 

High-silica zeolites are promising adsorbents for the removal of organic micropollutants 

(OMPs). In this study, four high silica zeolites with different frameworks were used for the 

removal of 23 pharmaceuticals (PHAMs) in the presence of and without NOM. The 

influence of NOM on adsorption efficacies of PHAMs on high-silica zeolites were related to 

the properties of PHAMs and zeolites. The mechanisms of NOM affecting the adsorption of 

PHAMs with a broad range of properties on high-silica zeolites were discussed. In the 

presence of NOM, positively charged PHAMs were better removed by high-silica zeolites 

than neutral and negatively charged PHAMs, since positively charged PHAMs experienced 

electrostatic attraction with the negative sites of the zeolites. Moreover, there was possibly 

a low concentration of positively charged, competing NOM fractions present in the water. 

The effect of molecular sizes on the adsorption efficacies were more obvious for neutral 

and negatively charged PHAMs than for positively charged PHAMs. Neutral and negatively 

charged PHAMs with similar molecular sizes as the pore opening sizes of zeolites were 

preferably adsorbed, while PHAMs with larger sizes than the pore size were excluded. Due 

to the adsorption of NOM on zeolites, the adsorption efficacies of neutral and negatively 

charged PHAMs were much lower than in ultrapure water. A small fraction of NOM with 

low molecular weight would enter the micropores of zeolites and compete for the 

adsorption sites in the micropores. NOM competition in the micropores were likely to 

happen in multi-solute water, since a broad range of PHAMs were unable to closely fit 

uniform micropores of zeolites. In addition, NOM fractions were probably adsorbed on the 

zeolites, blocking the micropores and, meanwhile, competing with PHAM adsorption on 

the external surface of zeolites. In comparison with the charge and molecular sizes of 

PHAMs, hydrophobicity/hydrophilicity of PHAMs had less effect on the adsorption 

efficacies of PHAMs. 

1 Introduction 

Zeolites are crystalline aluminosilicate materials with uniformed micropores (Auerbach et 

al., 2003; Li and Yu 2014). The surface hydrophobicity/hydrophilicity of zeolites varies 

with the content of silica and aluminum, typically defined by the molar ratio of silica to 

aluminum (Si/Al ratio). High-silica zeolites with Si/Al ratios from 10 up to a few thousand 
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are hydrophobic and effective for the removal of organic micropollutants (OMPs) in water 

(Maesen 2007; Rakic et al., 2010; Tsitsishvili 1973). The porous structure of zeolites have 

exclusively been defined by their framework types (McCusker and Baerlocher 2001). 

OMPs that are closely fitted into the pores of zeolites are preferably adsorbed (de Ridder et 

al., 2012; Rossner et al., 2009). High-silica zeolites with the framework types of FAU, MOR, 

BEA and MFI are commercially available and commonly used for studies on OMP 

adsorption.  

Most of the research on the adsorption of OMPs on high-silica zeolites has been conducted 

by performing batch experiments in water without background compounds (Jiang et al., 

2018). However, in all fresh waters, natural organic matter (NOM) is ubiquitously present 

as background compounds (Bhatnagar and Sillanpää 2017). NOM consists of a complex 

matrix of organic compounds, such as humic substances, amino sugars, proteins, small 

hydrophilic acids, with molecular weights ranging from a few hundred to 100,000 Dalton 

(Leenheer and Croué 2003; Sillanpää 2014; Thurman 2012). The effect of NOM on OMP 

adsorption on activate carbon, which is one of the most commonly used adsorbent, has 

been well studied. It has been concluded that NOM competes with OMP for adsorption 

surface and meanwhile leads to pore blockage and pre-loading of activated carbon 

(Bjelopavlic et al., 1999; Newcombe 1999; Newcombe et al., 2002). The presence of NOM 

therefore reduces the adsorption efficacy of targeted OMPs and increases the regeneration 

frequencies of activated carbon (Narbaitz and Cen 1997; Pelekani and Snoeyink 1999; 

Zietzschmann et al., 2014b).  

The effect of NOM on OMP adsorption on high-silica zeolites has been studied before. The 

adsorption capacity of e.g. methyl tertiary-butyl ether (MTBE) on MOR and MFI zeolites 

have not been affected by NOM in natural water, although a decrease of adsorption kinetics 

was observed in the presence of NOM, probably due to the pore blockage by NOM (Abu-

Lail et al., 2010; Hung and Lin 2006; Rossner and Knappe 2008). In addition, de Ridder et 

al. (2012) studied the adsorption of N-nitrosamines (NDMA) in surface water on MFI 

zeolites and concluded that the adsorption isotherms in demineralised water and surface 

water were similar, indicating that NOM did not affect  NDMA adsorption. Due to the size 

exclusion by the micropores, the majority of the NOM could not enter the zeolites and, 

consequently, did not compete with OMP during adsorption on high-silica zeolites.  
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However, the micropores of zeolites could allow the entrance of small sized NOM as found 

by Braschi et al. (2016), who studied the adsorption of sulfamethoxazole on FAU zeolites in 

the presence of two humic monomers: vanillin and caffeic acid (152 and 180 mol g-1, 

respectively). During their study, the humic monomers were adsorbed on FAU zeolites and 

consequently the adsorption capacity of sulfamethoxazole decreased. On the contrary, 

Bottero et al. (1994) found that atrazine, because of the high affinity for some background 

organic compounds, such as hydroxyaromatics, was better adsorbed on MFI zeolites in 

river water than in demineralised water. Due to the variation of NOM composition in 

different water types, it is still hard to predict how NOM in natural water affects OMP 

adsorption on high-silica zeolites.  

Numerous OMP species exist in natural water, including pharmaeuticals (PHAMs), 

personal care products, endocrine disrupting chemicals, and pesticides. As one of the most 

concerned OMP species, PHAMs mainly originate from discharges of treated municipal 

wastewater and have been detected in natural water at trace levels, e.g. several ng L-1 to a 

few µg L-1 (Fick et al., 2009; Heberer 2002; Mompelat et al., 2009). The presence of PHAMs 

are harmful to the aquatic environment and public health (Alan et al., 2008; Pal et al., 

2010). The adsorption of a variety of PHAMs in water on high-silica zeolites has been 

studied before. Rossner et al. (2009) studied the removal of 28 OMP species, including 16 

PHAMs, from lake water on FAU and MOR zeolites. At a zeolite dosage of 100 mg L-1, MOR 

completely or partially removed 15 out of 28 OMPs, while FAU only removed three OMPs. 

The difference in pore size and shape of zeolites were found to affect the OMP adosorption 

efficacies on zeolites. In comparison with activated carbon, zeolites were more selective 

for OMP adsorption in surface water. De Ridder et al. (2012) studied the removal of 16 

PHAMs in demineralised water on MOR and MFI zeolites. The MFI zeolite with a Si/Al ratio 

of 80 partially removed nine PHAMs and the MOR zeolite with a Si/Al ratio of 200 removed 

13 PHAMs out of 16 PHAMs. Only two PHAMs, i.e. metroprolol and atenolol, were 

completely removed by both the MFI and MOR zeolites. In addition, a relationship between 

the Stokes’ diameter of PHAMs and the adsorption efficacies of PHAMs was observed. 

However, the adsorption efficacies of PHAMs on high-silica zeolites in the presence of and 

without NOM were not well studied, and thus, the mechanisms of NOM, affecting 

adsorption of a variety of PHAMs on high-silica zeolites remained unknown.  
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Therefore, in this study, the adsorption efficacies of 23 PHAMs in water with and without 

NOM on the high-silica zeolites were investigated. The influence of NOM on adsorption 

efficacies of PHAMs were related to the properties of the PHAMs, such as 

hydrophobicity/hydrophilicity, charge and molecular sizes. In addition, the adsorption 

efficacies of the PHAMs on various framework types of zeolites, i.e. FAU, MOR, BEA and 

MFI, were compared to understand the effect of porous structures of zeolites on 

adsorption efficacies of PHAMs in the presence of NOM. Finally, the mechanisms of NOM 

affecting the adsorption of PHAMs with a broad range of properties on zeolites were 

discussed.  

2 Materials and Methods 

2.1 Materials 

High-silica zeolite powders of four frameworks, i.e. FAU, BEA, MOR and MFI zeolites, were 

purchased from Tosoh Corporation. The pore opening sizes and Si/Al ratios are listed in 

Table 1. The zeolites were dried at 105 °C for one day and stored in a desiccator before use.  

Table 1 The names and characterizations of high-silica zeolites. 

Zeolite 
framework 

Product 
name 

Pore 
opening size 
(Å*Å)a 

Si/Al ratiob 

BET surface 
area  
(m2 g-1) 

Micropore 
surface area 
(m2 g-1) 

External 
surface area 
(m2 g-1) 

FAU 390HUA 7.4*7.4 250 727 591 136 

MOR 690HOA 
6.5*7.0 
2.6*5.7 

120 431 360 71 

BEA 980HOA 
6.6*7.7 
5.6*5.6 

250 516 351 165 

MFI 890HOA 
5.1*5.5 
5.3*5.6 

750 334 282 52 

a (Baerlocher and McCusker 2017) 
b Si/Al ratio provided by suppliers 

BET surface area, micropore surface area and external surface area of high-silica zeolites 

were determined by N2 gas adsorption at 77K (Gemini VII 2390p analyzer, Micromeritics) 
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and shown in Table 1. The micropore surface area and external surface area were 

estimated by the t-plot method which separates the micropores from multilayer 

adsorption of N2 gas (Lippens and de Boer 1965). 

Table 2 The structures and physicochemical properties of pharmaceuticals. 

Name CAS # 
Molecular 
weight 

logD 
at 
pH8a 

Charge 
at 
pH8a 

pKaa 
Molecular Sizeb 

X (Å) Y (Å) Z (Å) 

Metformin 1115-70-4 129 -5.37 + n.a. 3.731 3.894 7.28 

Paracetamol 103-90-2 151 0.89 + 9.46 4.739 1.798 8.986 

Lignocaine 138-58-6 234 2.65 +/0c 13.78 6.469 3.5 11.325 

Trimethoprim 738-70-5 290 1.23 +/0 n.a. 6.849 3.849 9.908 

Sotalol 959-24-0 309 -1.56 +/0 10.07 6.073 4.053 14.281 

Lincomycine(HCl) 7179-49-9 461 0.48 +/0 12.37 8.331 4.893 14.191 

Metoprolol 56392-17-7 685 0.09 +/0 14.09 6.082 4.651 15.013 

Clarithromycin 81103-11-9 747 2.2 +/0 12.46 11.41 8.735 14.315 

Caffeine 58-08-2 194 -0.55 0 n.a. 6.007 1.803 7.168 

Primidone 125-33-7 218 1.12 0 11.5 5.757 5.632 8.4 

Carbamazepine 298-46-4 236 2.77 0 15.96 7.498 0 10.087 

Cyclophosphamide 50-18-0 261 0.1 0 13.48 5.14 3.751 8.542 

Hydrochlorthiazide 58-93-5 298 -0.61 0 9.09 5.754 2.912 9.453 

Iopromide 73334-07-3 791 -0.45 0 11.09 16.367 7.572 6.304 

Theophylline 58-55-9 180 -1.11 -/0d 7.82 6.041 1.804 7.625 

Phenazon 60-80-0 188 1.22 - 0.49 5.116 1.806 9.452 

Clofibric acid 882-09-7 214 -0.6 - 3.37 5.233 3.963 7.376 

Sulfamethoxazole 723-46-6 253 -0.11 - 6.16 5.593 2.531 12.691 

Ketoprofen 22071-15-4 254 0.18 - 3.88 5.935 1.794 12.601 

Fenofibric acid 42017-89-0 319 0.85 - 3.1 6.387 4.35 12.053 

Furosemide 54-31-9 331 -1.58 - 4.25 6.553 2.514 12.684 

Enalapril 75847-73-3 376 -1.22 - 3.67 7.659 5.197 14.702 

Pravastatin 81131-70-6 447 -1.69 - 4.21 8.001 6.982 12.663 

a Estimated by ChemAxon, Chemicalize Platform.  
b Estimated by Hyperchem 7.0 after geometric optimization.  
c +/0, positively charged and neutral formed PHAM molecules simultaneously existed at pH 8.  
d -/0, negatively charged and neutral formed PHAM molecules simultaneously existed at pH 8.  
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Batch adsorption experiments were conducted in ultrapure (UP) water and in the water 

from a drinking water treatment plant (DWTP). UP water was obtained from ELGA, Ultra 

AN MK2 ultrapure water system with pH value of 7.8. DWTP water was collected from the 

DWTP at Kamerik, operated by Oasen, the Netherlands. The extracted groundwater is 

submitted to aeration, rapid sand filtration, softening, activated carbon filtration and UV 

disinfection before the treated water is pumped into the distribution system. DWTP water 

samples were collected from the influent of the activated carbon filtration step. The pH 

value of the DWTP water was 7.8 – 8.1. The dissolved organic carbon (DOC) concentration 

of DWTP water was 6.7 -7.3 mg L-1.  

Adsorption experiments were conducted with a mixture of 23 PHAMs with varying 

characteristics (size, charge and hydrophobicity/hydrophilicity) that were purchased from 

Sigma-Aldrich. The physicochemical properties of the selected PHAMs are listed in Table 2.  

2.2 Adsorption experiments 

The PHAMs were dissolved in UP water to obtain a stock solution with PHAM 

concentrations of approximately 2 mg L-1 each. The stock solution was diluted 1000 times 

either in UP water or in the DWTP water to prepare solutions with mixed PHAMs. The 

measured initial concentration of each PHAM in UP water and DWTP water after spiking 

were in the range of 0.864 - 2.199 µg L-1 and 0.986 - 2.499 µg L-1, respectively.  

High-silica zeolites were dosed into the 1000 ml solutions with mixed PHAMs. The dosages 

of zeolites were 0, 1, 5, 10, 50, 100, 250, 500 and 1000 mg L-1. A mixing time of 24h at room 

temperature (25±1 oC) was used to reach the adsorption equilibrium (Damjanovic et al., 

2010). The solutions without zeolite dosage were used as blanks to test the stability of the 

PHAMs over the 24h contact time. Prior to analysis, the solutions were filtrated over 0.7 

µm glass microfiber filters (Whatman, Grade GF/F).  

2.3 Analytical methods for water samples 

PHAM analyses were done at Het Waterlaboratorium in Haarlem, the Netherlands. 

Filtrated samples were concentrated by solid phase extraction. The quantification of 

PHAMs were accomplished by liquid chromatography - tandem mass spectrometry (LC-

MSMS). DOC concentration of water samples were analyzed by total organic carbon 

analyzer (TOC-VCPH, Shimadzu).  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/groundwater
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sand
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/filtration
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/softening
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/activated-carbon
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/disinfection
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/distribution-system
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2.4 Adsorption isotherm model 

The PHAM adsorption isotherms on four zeolites were fitted to Freundlich model shown in 

Equation 1:  

𝑞𝑞 = 𝐾𝐾𝑐𝑐𝑛𝑛 Equation 1 

Where q is the adsorption capacity of PHAMs in the unit of µg g-1; c is the equilibrium 

concentration of PHAMs in the unit of µg L-1; K is the fitting constant in the unit of (µg g-1) 

(µg L-1)-n; n is the fitting constant without unit.  

2.5 Correlation 

The removal efficacies of PHAMs by zeolites were represented by D80, which is the 

theoretical zeolite dosage for 80% removal of each PHAM (Zietzschmann et al., 2014a). 

According to Equation 2, D80 was calculated based on the Freundlich fitting constants K 

and n at PHAM equilibrium concentration equal to 20% of the initial concentration:  

𝐷𝐷80 = 𝑖𝑖0−𝑖𝑖𝑡𝑡
𝑞𝑞

= 𝑖𝑖0−20%𝑖𝑖0
𝐾𝐾∗(20%𝑖𝑖0)𝑡𝑡

Equation 2 

Where c0 is the initial concentration of PHAMs in the unit of µg L-1; ce is the equilibrium 

concentration of PHAMs in the unit of µg L-1. The Freundlich fitting constants, initial 

concentrations and D80 results of PHAMs are listed in Table S1. D80 was then correlated 

with the characteristics of PHAMs, i.e. hydrophobicity/hydrophilicity, charge and 

molecular size,, as well as the pore size of zeolites.  

3 Results and discussion 

3.1 PHAM removal in UP water 

The removal percentages of PHAMs in UP water on different zeolite frameworks, i.e. FAU, 

MOR, BEA and MFI zeolites, are summerized in Figure 1a, b, c and d, respectively. PHAMs 

are grouped by their charge in the solution (pH=8), i.e. positive, neutral and negative. The 

removal percentage of PHAMs at zeolite dosages of 1, 10, 100, and 1000 mg L-1 are plotted 

by symbols with different colours and shapes. As shown in Figure 1, the removal 

percentage of PHAM was higher at higher dosages of zeolites. Figure 1a shows that, at the 
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zeolite dosage of 1000 mg L-1, 16 out of the 23 PHAMs were removed by FAU with removal 

percentages of > 90%, while paracetamol and clofibric acid with positive and negative 

charge, respectively, were hardly removed by FAU with a removal percentage of less than 

30 %. At the dosage of 10 mg L-1, only nine PHAMs, were partially removed by FAU, 

including six positively charged PHAMs, one neutral PHAM and two negatively charged 

PHAMs. At the zeolite dosage of 1 mg L-1, FAU only removed one positively charged PHAM, 

i.e. lidocaine.  

Figure 1b presents that 16 out of the 23 tested PHAMs were removed by MOR with 

removal percentages of more than 95% at the zeolite dosage of 1000 mg L-1. Only less than 

10 % of the iopromide and pravastatin were removed by MOR. MOR completely removed 

five positively charged PHAMs, i.e. metformin, lignocaine, trimethoprim, sotalol, 

metoprolol and one negatively charged PHAM, fenazon at a dosage of 10 mg L-1. However, 

furosemide, one negatively charge PHAM, was not removed by MOR at all.  

Figure 1c shows that, at the BEA dosage of 1000 mg L-1, 13 tested PHAMs were completely 

removed, while the rest of the 10 PHAMs were partially removed. Neutral PHAMs, i.e. 

caffeine, primidone and iopromide, were poorly adsorbed by BEA with removal 

percentages less than 30%. At the dosage of 10 mg L-1, six PHAMs with positive charge and 

one negatively charged PHAM were well adsorbed on BEA with the removal percentage 

more than 90%.  

The results in Figure 1d show that MFI removed all eight PHAMs with positive charge, two 

neutral PHAMs and three PHAMs with negative charge at a dosage of 1000 mg L-1, while 10 

PHAMs, which were either neutral or negative, were not adsorbed on the MFI zeolite. The 

removal percentage of caffeine, a neutral PHAM, and fenazon, with negative charge, by MFI 

remained less than 20 %. When the zeolite dosage was as low as 10 mg L-1, only six PHAMs 

were adsorbed on MFI, including five PHAMs with positive charge and one negatively 

charged PHAM.  
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Figure 1 The removal percentage of PHAMs in UP water on (a) FAU, (b) MOR, (c) BEA and (d) MFI 

zeolites.  
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As shown in Figure 1, FAU, MOR, BEA and MFI were selective adsorbents for the removal 

of PHAMs, which means that one zeolite, with a specific framework, removed only several 

species of PHAMs with high adsorption efficacies. This finding was confirmed by the 

research conducted by de Ridder et al. (2012), who studied the adsorption of 16 PHAMs in 

demineralised water on MOR and MFI. As suggested by Jiang et al. (2018) , OMPs are 

adsorbed in the micropores of zeolites and a specific zeolite framework with uniformed 

micropore sizes, only provides accommodation for a narrow range of OMPs with molecular 

sizes comparable to or less than the pore size of zeolites. In comparison to zeolites, 

adsorbents with a broader range of micropore sizes, e.g. activated carbon, are more 

effective for the removal of OMPs with various molecular sizes (Kennedy et al., 2015; Li et 

al., 2002).  

3.2 The effect of the characteristics of PHAMs and high-silica zeolites on 

PHAM removal 

3.2.1. Hydrophobicity/hydrophilicity of PHAMs 

The hydrophobicity/hydrophilicity of PHAMs is represented by the logD value (Table 2). 

The relation between the logD of the PHAMs and the adsorption efficacies of the PHAMs, 

represented by the D80 value (Table S1), on FAU, MOR, BEA and MFI zeolites are shown in 

Figure 2a, b, c and d, respectively. Since the zeolite dosages in this study ranged from 1 to 

1000 mg L-1, the presented results of D80 values equal to 1 and 1000 mg L-1 means that the 

calculated D80 could also be lower than 1 mg L-1 and higher than 1000 mg L-1, respectively. 

When a PHAM was not removed by a zeolite, D80 was not given. As shown in Figure 2, no 

relation between logD of PHAMs and the D80 value was found for any of the four zeolites.  
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Figure 2 The effect of logD on D80 of PHAMs with (a) FAU, (b) MOR, (c) BEA and (d) MFI.  

Previous studies showed that zeolites had lower adsorption efficacies for the more 

hydrophilic OMPs, e.g. sulfa drugs (Fukahori et al., 2011), nitrophenol compounds 

(Koubaissy et al., 2008) and N-nitrosamines (de Ridder et al., 2012) with a lower logD. 

However, in our study, some PHAMs with a low logD value, e.g. metformin with logD -5.37, 

were well removed by the zeolites. It is speculated that the effect of 

hydrophobicity/hydrophilicity of PHAMs is obvious for OMPs with similar 

physicochemical characteristics. However, the adsorption efficacies of the PHAMs, here 

studied, on zeolites with various properties could have been dominated by other factors, 

such as the charge and molecular sizes of PHAMs.  

3.2.2 Charge of PHAMs 

The D80 values of the FAU, MOR, BEA and MFI for the 23 PHAMs, with a positive, neutral 

and negative surface charge, are shown in Figure 3. The D80 values for two out of eight 

PHAMs with positive charge, i.e. metformin and metoprolol were less than 1 mg L-1 with 

MOR, BEA and MFI. The D80 of six out of eight positively charged PHAMs with MOR and 

BEA were less than 10 mg L-1, while the D80 of the positively charged PHAMs with FAU 
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higher than 1000 mg L-1 of all zeolites, which indicates that paracetamol was poorly 

adsorbed on all zeolites.  

Figure 3 D80 values of PHAMs with FAU, MOR, BEA and MFI zeolites. 

The results in Figure 3 show that the D80 value of neutral and negatively charged PHAMs 

were higher than these of the positively charge PHAMs. The D80 of neutral  PHAMs were 

above 10 mg L-1 for all four zeolites, and in most cases, above 100 mg L-1. The D80 values of 

the negatively charged PHAMs were widely distributed in the range of 1 mg L-1 to 1000 mg 

L-1 for all four zeolites, while none of D80 values was < 1 mg L-1.  

As shown in Figure 3, the charge of PHAMs had a crucial effect on the adsorption efficacies 

of PHAMs. In fact, most of the framework structures of high-silica zeolites are not charged, 

while a small number of negatively charged sites exist that are introduced by the Al 

content in the zeolite (Auerbach et al., 2003). Although, adsorbed PHAMs experience van 

der Waals forces with the zeolite frameworks, regardless of the charge of PHAMs and 

zeolites (Israelachvili 2015), apparently, positively charged PHAMs experienced 

electrostatic attraction with the few negative sites of the zeolites. Neutral PHAMs, however, 

only experienced van der Waals forces with the zeolite frameworks, which made the 

neutral PHAMs less adsorbable than the positively charged PHAMs. The hampered 

adsorption of negatively charged PHAMs could be explained by the electrostatic repulsion 
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forces between the negatively charged PHAMs and the negative sites of the zeolites, which 

reduced their adsorption efficacies. The charge effect on OMP adsorption was also 

observed by Mailler et al. (2015) and de Ridder et al. (2011), both finding that negatively 

charged activated carbon had better adsorption efficacies for positively charged PHAMs 

than negative and neutral OMPs. However, two exceptions were observed in Figure 3: the 

negatively charged fenazon adsorbed well on MOR; and enapril adsorbed well on BEA and 

FAU. This indicates that the adsorption efficacies of these two PHAMs were apparently 

affected by other factors than the charge of the PHAMs.  

3.2.3 Size effect 

The effect of molecular sizes of the PHAMs on adsorption efficacies by high-silica zeolites 

were also studied. In Figure 4a, b, c and d, the molecular sizes of PHAMs are shown in 

comparison to the pore opening sizes of FAU, MOR, BEA and MFI zeolites, respectively. The 

molecular sizes of PHAMs were calculated based on the assumption that PHAM molecules 

are cylindrical shapes with three dimensional sizes as suggested by de Ridder et al. (2012). 

The results are listed in Table 2. One exception in this study is carbamazepine with a one 

dimensional size of zero, and was therefore regarded as a two dimensional molecule. In 

Figure 4, the molecular weight of each PHAM (Table 2) is labelled with the name of the 

PHAM at X axis. Figure 4 shows that PHAMs with a higher molecular weight generally have 

larger molecular sizes.  

As mentioned in Section 3.2.2, positively charged PHAMs were more favourably adsorbed 

on MOR, BEA and MFI zeolites than FAU. The porous structures of MOR, BEA and MFI 

originate from two types of channels each with opening sizes from 2.6 to 7.7 Å and the 

inner diameter of channels are theoretically comparable to the pore opening sizes. FAU 

zeolites have cages with an opening size of the pore of 7.4 Å*7.4 Å and an inner diameter of 

13.4 Å. (Baerlocher et al., 2007). In addition to the electrostatic attraction, channels with 

narrow inner sizes were beneficial for the adsorption of positively charged PHAMs 

compared with the cages of the zeolites. This was also reflected in Figure 3, showing that 

the D80 values of positively charged PHAMs with FAU were always higher than D80 with 

MOR, BEA or MFI.  
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Figure 4 The comparison between the three dimensional sizes of PHAMs and the pore opening 

sizes of (a) FAU, (b) MOR, (c) BEA and (d) MFI. X axis label: molecular weight - name of PHAMs.  
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The adsorption efficacies of neutral and negatively charged PHAMs varied with the 

framework type of the zeolites (Figure 3). In comparison with other tested zeolites, MOR 

had better adsorption efficacies for six out of the 15 neutral and negatively charged PHAMs 

(Figure 3). The removal of PHAMs on MOR might benefit from the wide range of pore sizes, 

i.e. 2.6 Å – 7.0 Å, from two types of channels with opening sizes of 2.6 Å*5.7 Å and 6.5 Å*7.0 

Å. Figure 3b shows that one channel type of MOR, with opening sizes of 2.6 Å*5.7 Å, is 

smaller than the pore opening sizes of other zeolites, which would specially fit the PHAMs 

with similar, small sizes, such as caffeine with a size of 1.818 Å *3.573 Å *6.505 Å and 

fenazon with a size of 1.806 Å *5.116 Å *9.452 Å. These were therefore effectively 

adsorbed on MOR (Figure 3). Moreover, two negatively charged PHAMs with relatively 

large molecular sizes, i.e. enalapril and pravastatine, with molecular sizes of 5.197 Å *7.659 

Å *14.702 Å and 6.982 Å *8.001 Å *12.663 Å, respectively, were more preferably adsorbed 

on BEA and FAU zeolites with large pore sizes. This phenomenon has previously been 

explained by de Ridder et al. (2012), Erdem-Senatalar et al. (2014) and Rossner et al. 

(2009). The closely fitted pores would provide strong interaction between PHAMs and 

zeolites, and also prevent water adsorption in the framework of zeolites (Giaya and 

Thompson 2002a; b).  

The results in Figure 3 show that a total number of five out of the 15 neutral and negatively 

charged of PHAMs were adsorbed on MFI, being less efficient than the other tested zeolites. 

Compared with FAU, MOR and BEA, MFI  has the smallest pore opening sizes among the 

four tested zeolites, i.e. 5.1 Å *5.5 Å, 5.3 Å *5.6 Å, with two types of channels. As shown in 

Figure 3d, PHAMs with two dimensional sizes larger than the pore opening size of MFI 

zeolite, including cabamazepine, iopromide, theophylline, fenofibric acid, furosemide, 

enalapril and pravastatin, were excluded by MFI. Only two PHAMs i.e. cyclophosphamide 

and sulfamethoxazol with molecular sizes of 5.14 Å *3.751 Å *8.542 Å and 5.593 Å *2.531 

Å *12.691 Å, respectively, had two dimensional sizes less than or comparable to the pore 

opening size of MFI zeolite and, thus, were, although poorly, adsorbed on MFI. In most of 

the cases where PHAMs were adsorbed (D80 < 1000 mg L-1, Figure 3), at least two 

dimensional sizes of molecular sizes of the PHAMs were smaller than or comparable to the 

pore opening sizes of the zeolites (Figure 3).  

As an exception, only clarithromycin with a larger molecular size than the pore opening 

sizes of the zeolites (Figure 4), was adsorbed on all four tested zeolites, however, with the 
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least adsorption efficaciy of the positively charged PHAMs (Figure 3. Considering that the 

inner pore size of FAU, i.e. 13.4 Å, is larger than the two dimensional sizes of 

clarithromycin, FAU potentially allows the adsorption of clarithromycin with sizes of 11.41 

Å*8.735 Å *14.315 Å inside the pores. Since the pore sizes of MOR, BEA and MFI zeolites 

are smaller than the three dimensional sizes of clarithromycin, clarithromycin should not 

be able to enter the pores of zeolites. As shown in Table 1, the external surface area of 

tested zeolites were in the range of 52 -165 m2 g-1. The external surface area of BEA (165 

m2 g-1), e.g., accounted for up to 32 % of the BET surface area (516 m2 g-1). Previous studies 

showed that local defects, e.g. Si-OH species, were generated at the external surface of 

zeolites during the synthesis of high-silica zeolites (Burton 2018; Yu 2007). Molecules 

which are too large to diffuse into the pores, could therefore be adsorbed onto the external 

surface of zeolites by interacting with –OH groups at the defects (Bevilacqua and Busca 

2002; Bolis et al., 2006).  

3.3 PHAM removal in the presence of NOM 

To study the effect of NOM on PHAM adsorption, the removal percentages of PHAMs by 

FAU, MOR, BEA and MFI in UP water and DWTP water are shown in Figure 5 and Figure 6 

with zeolite dosages of 1000 and 10 mg L-1, respectively.  

At a zeolite dosage of 1000 mg L-1, the removal percentages of most PHAMs in DWTP water 

were comparable to or lower than in UP water (Figure 5). As in UP water, some of the 

positively charged PHAMs in DWTP water were completely removed by the four zeolites, 

e.g. lincomycin and metoprolol in the presence of NOM. Positively charged PHAMS were 

better removed than neutral or negatively charged PHAMs in DWTP water. For example, 

BEA removed all eight positively charged PHAMs in DWTP water with comparable removal 

percentages as in UP water, while only two out of the six neutral PHAMs, i.e. 

cyclophosphamide and hydrochlorothiazide, and four out of the nine negatively charged 

PHAMs, at the zeolite dosage of 1000 mg L-1. In comparison with the adsorption efficacies 

in UP water, the adsorption efficacies of some negatively charged and neutral PHAMs in 

DWTP water were less or even absent, such as for primidone, iopromide, sulfamethoxazole, 

fenofibric acid, furosemide and pravastatine.  

As shown in Figure 6, positively charged PHAMs, e.g. metformin, sotalol and metoprolol, 

were even completely removed by MOR and MFI at a zeolite dosage of 10 mg L-1 in DWTP 
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water. However, at the zeolite dosage of 10 mg L-1, the removal percentages of neutral and 

negatively charged PHAMs in DWTP water were much lower than in UP water. Except for 

carbamazepine, fenazon and enalapril, which were removed by MOR and BEA with 

removal percentages of less than 15%, the rest of the neutral and negatively charged 

PHAMs were not removed by any of the tested zeolites. The results in Figure 6 show that, 

as in UP water, positively charged PHAMs were still more preferably adsorbed on zeolites 

than neutral and negatively charged PHAMs in DWTP water at t zeolite dosage of 10 mg L-1.  

As mentioned in the previous section, positively charged PHAMs would experience 

electrostatic attraction with zeolites framework, while the bonding between zeolites and 

neutral/negatively charged PHAMs was weaker. Additionally, there was possibly a low 

concentration of competing positively charged NOM fractions in the tested DWTP water, 

e.g. aromatic amines, than the neutral and negatively charged fractions, e.g. fulvic acid, 

hydrocarbons and tannins (Leenheer and Croué 2003). NOM would therefore have more 

effect on the adsorption of neutral and negatively charged PHAMs than on the positively 

charged PHAMs.  

The results in Figure 6 show that, at the zeolite dosage of 10 mg L-1 in DWTP water, MOR, 

BEA and MFI achieved high removal efficacies for positively charged PHAMs, e.g. 

metformin, sotalol and metoprolol, with removal percentages of more than 80%, while 

only two positively charged PHAMs, i.e. thrimethoprim and metoprolol, were removed by 

FAU with removal percentages of less than 30%. The finding that zeoli tes with channel 

structures, e.g. MOR, BEA and MFI, were more capable of removing positively charged 

PHAMs than FAU zeolites with cages in the presence of NOM is consistent with the 

observation in UP water. It is thus assumed that the channels structures with narrow inner 

sizes would prevent the effect of NOM on PHAM adsorption.  

Rossner et al. (2009) found that, at a zeolite dosage of 100 mg L-1, iopromide and 

sulfamethoxazole were not removed by FAU or MOR at all and trimethoprim was partially 

removed by MOR, which is partially consistent with our finding. We showed that 

trimethoprim was already removed by FAU at zeolite dosage of 10 mg L-1, with a removal 

percentage of about 20%, while trimethoprim was not removed by FAU. The better 

removal efficacies might be attributed to the higher spiked concentration of PHAMs in our 



Adsorption of pharmaceuticals on high-silica zeolites affected by NOM | 111 

Figure 5 The removal percentages of PHAMs on (a) FAU, (b) MOR, (c) BEA and (d) MFI at the 

zeolite dosage of 1000 mg L-1 in UP water and DWTP water.  
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Figure 6 The removal percentages of PHAMs on (a) FAU, (b) MOR, (c) BEA and (d) MFI at the 

zeolite dosage of 10 mg L-1 in UP water and DWTP water. 
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study (0.986 - 2.499 µg L-1) than the initial concentration used by Rossner et al., i.e. 200 to 

900 ng L-1.  

The effect of NOM on PHAM adsorption is also reflected in the Freundlich adsorption 

isotherms. The adsorption isotherms of enalapril, as an example, in UP water and DWTP 

water are presented in Figure 7. Due to the effect of NOM, the adsorption capacities of 

enalapril in DWTP water were about 1 log lower than in UP water. Pelekani and Snoeyink 

(1999) mentioned that the capacity reductions of activated carbon for OMP adsorption 

with one or two orders of magnitude are common. When the equilibrium concentration of 

enalapril reached about 1 µg L-1, the adsorption capacities of enalapril on FAU, MOR and 

BEA zeolites started to decrease, resulting in curved isotherms. When the equilibrium 

concentration of enalapril was higher, the dosages of zeolites were lower and the effect of 

NOM on PHAM adsorption would be stronger.  

Figure 7 The adsorption isotherms of enalapril on zeolites in UP water and DWTP water. Solid 

lines: Freundlich model fitting for the adsorption isotherms of enalapril in UP water; Dash lines: 

Indicative lines for the adsorption isotherms of enalapril in DWTP water.  

The DOC concentrations of DWTP water with different zeolite dosages are shown in Figure 

8. When zeolites were not dosed in DWTP water, the DOC concentration was in the range
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concentration in DWTP slightly decreased from 6.8 to 6.4 mg L-1 with the increase in 

dosage of FAU from 1 to 1000 mg L-1. In addition, incomparison with the zeolite dosage of 

0 mg L-1, a slight decrease of DOC concentration, e.g. 0.3 mg L-1, was found at the MOR 

dosage of 1000 mg L-1. DOC concentrations in DWTP water with the dose of BEA and MFI 

had no variation with the dosage of zeolites. Therefore, it is assumed that the majority of 

NOM fractions, e.g. humic acids, were excluded by zeolites. Certain low molecular weight 

DOC fractions, e.g. humic monomers, with sizes less than the pore sizes of zeolites could 

however be adsorbed on zeolite frameworks with relatively large pore size, e.g. FAU 

(Braschi et al., 2016b).  

Figure 8 DOC concentration in DWTP water at the zeolite dosage of 0, 1, 10, 100 and 1000 mg L-1. 

Previous studies showed that the adsorption of specific neutral OMPs on zeolites, e.g. 

MTBE on MOR and MFI (Hung and Lin 2006; Knappe and Campos 2005) and N-

nitrosamines on MFI (de Ridder et al., 2012), were not affected by NOM in water. It has 

been assumed that NOM fractions failed to compete with these OMPs for the adsorption 
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applicable for zeolites, as the uniform pore size of activated carbon fibers, e.g. 6 – 8 Å, are 
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entrance of the cages and channels for PHAM adsorption would thus be blocked and PHAM 

adsorption could therefore be inhibited. NOM fractions might also compete for adsorption 

sites with PHAMs at the external surface of zeolites, e.g. clarithromacine, resulting in a 

decrease of PHAM adsorption efficacies.  

4 Conclusions 

The adsorption efficacies of 23 PHAMs in UP water and DWTP water on high-silica zeolites 

with four different frameworks were studied. The adsorption efficacies of PHAMs on 

zeolites were related to the properties of PHAMs, i.e. hydrophobicity/hydrophilicity, 

charge and molecular size. The mechanisms of NOM affecting PHAM adsorption on four 

zeolites were discussed. The following conclusions were drawn:  

• All tested PHAMs in UP water were completely or partially adsorbed on FAU and

BEA zeolites, while MOR removed 21 PHAMs except for theophylline and

furosemide. MFI removed all eight PHAMs with positively charge, two neutral

PHAMs and three negatively charged PHAMs.

• The effect of hydrophobicity/hydrophilicity of PHAMs on the adsorption efficacies 

of PHAMs on zeolites was not observed. The adsorption efficacies of PHAMs on

zeolites with various properties were dominated by other factors, e.g. charge and

molecular size of PHAMs.

• The adsorption efficacies of positively charged PHAMs in UP water were higher

than those of neutral and negatively charged PHAMs. The effect of NOM on the

adsorption of positively charged PHAMs was less pronounced or even absent

compared to the adsorption of neutral and negatively charged PHAMs, since

positively charged PHAMs were steadily adsorbed on high-silica zeolites by

experiencing electrostatic attraction with the negative sites of the zeolites.

Moreover, there was possibly a lower concentration of positively charged

competing NOM fractions in DWTP water than neutral and negativelycharged

NOM fractions.

• Zeolites with channels, i.e. MOR, BEA and MFI, proved to be better adsorbents for

positively charged PHAMs than FAU with cages. The channels with a narrow inner
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size would prevent the competition of NOM with the adsorption of positively 

charged PHAMs, while NOM might enter the cages of FAU with large inner sizes.  

• The adsorption of neutral and negatively charged PHAMs were affected by the

molecular sizes of PHAMs and pore sizes of zeolites. PHAMs with molecular sizes

in two dimensions larger than the pore opening sizes of zeolites were not

adsorbed. When the molecular sizes of PHAMs were similar to the sizes of zeolites,

PHAMs were preferably adsorbed.

• A considerable effect of NOM on the adsorption of neutral and negatively charged

PHAMs was observed. The adsorption efficacies in DWTP water were much lower

than in UP water, due to weak bonding between neutral/negatively charged

PHAMs and zeolites. In the presence of NOM, the adsorption capacity of PHAMs

would even decrease with the decrease of zeolite dosing, as indicated by the

curved adsorption isotherms in DWTP water.

• A small portion of NOM fractions with low molecular weight would enter the

micropores of the zeolites. NOM competition with PHAMs for the adsorption sites

in the micropores were likely to happen in multi-solute water, since a broad range

of PHAMs were unable to closely fit uniform micropores of zeolites. In addition,

NOM fractions would be adsorbed on the external surface of zeolites and caused

the blockage of micropores.
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CHAPTER 6 

CONCLUSIONS AND OUTLOOK 
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1 Conclusions 

In this thesis, a study on adsorption efficacies and mechanisms of OMPs on high-silica 

zeolites was conducted. The adsorption efficacies of OMPs with a variety of characteristics, 

i.e. molecular weight/sizes, charge and hydrophobicity/hydrophilicity, on high-silica 

zeolites with different porous structures and surface chemistry were explored. In addition, 

in order to gain insight in the adsorption of OMPs in real water, the adsorption of multiple 

OMPs in the presence of natural organic matter (NOM) was studied.  

It can be concluded that high-silica zeolites have a good ability to remove several OMPs 

from water. However, the adsorption efficacies were affected by the characteristics of the 

OMPs and the high-silica zeolites. A combination of high-silica zeolites with different pore 

sizes could be a barrier for a broad range of OMPs. However, the adsorption efficacies of 

certain neutral and negatively charged OMPs were hampered by the presence of NOM, 

which is not favourable for the application of high-silica zeolites in water treatment as only 

barrier against OMPs. More insight in the removal mechanisms was obtained by estimating 

the adsorption efficacy of 2,4,6-trichlorophenol (TCP) by molecular simulation which 

corresponded well with the results from batch experiments. 

The specific conclusions in response to the research questions proposed in Chapter 1 are 

highlighted.  

Research question 1: What is the current understanding of OMP adsorption on high-

silica zeolites? 

The state-of-the-art knowledge on OMP adsorption on high-silica zeolites was reviewed 

and reported in Chapter 2. It was concluded that high-silica zeolites have the ability for 

adsorption of a variety of OMPs, including the small sized and polar OMPs, which are not 

well adsorbed on other adsorbents. The good adsorption efficacies of high-silica zeolites 

benefit from the featured properties, i.e. large number of micropores, closely fitted pores 

for OMPs and high surface hydrophobicity. The effect of NOM in natural water on certain 

OMP adsorption, i.e. MTBE and N-nitrosamines, was not observed, while the effect of NOMs 

on a broader range of OMPs is unknown. Further it was found that oxidative regeneration 

of high-silica zeolites could be an efficient method to restore the adsorption capacities of 

high-silica zeolites, although, during oxidative regeneration, an increase in BET surface 
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area and defects of high-silica zeolites was observed. The combination of high-silica zeolite 

adsorption and on-site oxidative regeneration, therefore, potentially allows for a reduction 

of investment and operational costs and waste generation compared to conventional 

activated carbon filtration. Specific OMPs, which are not removed by activated carbon 

could thus be targeted by high-silica zeolites.  

Research question 2: What are the OMP adsorption mechanisms on high-silica 

zeolites?  

In Chapter 3, the adsorption of triclosan, TCP and phenol with the same functional groups, 

but diverse properties, i.e. molecular weight and water affinity, on ten high-silica zeolites 

were studied. Triclosan was more favourably adsorbed on FAU zeolites than on BEA, MOR 

and MFI zeolites. The maximum adsorption capacities of triclosan were more related to the 

micropore surface area/volume than the hydrophobicity of the zeolites. The adsorption 

isotherm of TCP on FAU zeolite was S-shaped, which means that TCP adsorption loading 

was minimal at low equilibrium concentrations and started increasing to a plateau after an 

inflection. Since phenol is more hydrophilic and thus had a lower affinity for high-silica 

zeolites, maximum adsorption capacities of phenol were not observed at the same 

equilibrium concentration range as triclosan and TCP. The adsorption capacities of phenol 

on high-silica zeolites were lower than of triclosan and TCP. MFI zeolites with more closely 

fitted pores for phenol had a higher adsorption capacity than FAU, BEA and MOR for 

phenol adsorption. Compared with carbon based adsorbents, apparently, the lack of 

efficient active adsorption sites, however, limited the adsorption efficacies of OMPs at the 

relatively low concentration range.  

To further explore the adsorption mechanisms behind the S-shaped isotherm which was 

observed during the adsorption of TCP on high-silica zeolites, Monte Carlo (MC) simulation 

was carried out and reported in Chapter 4. FAU zeolites with a high Si/Al ratio showed an 

obvious S-shaped adsorption isotherm and a high adsorption capacity of TCP. Results from 

MC simulation corresponded well with the results from batch experiments, regarding the 

shape of adsorption isotherms, the maximum adsorption capacities of TCP and the effect of 

Si/Al ratios. It was concluded that the occurrence of S-shaped isotherms originated from 

the π-π interaction between TCP molecules. At low TCP equilibrium concentrations, one 

TCP was adsorbed in the cage of FAU. With the increase of TCP equilibrium concentration, 
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the cages of the FAU zeolite allowed the adsorption of multiple TCP molecules, which was a 

potential condition for enhanced π-π interaction of TCP. A higher Al content in the 

framework of FAU zeolites and thus a lower Si/Al ratio promoted the adsorption of water 

molecules, which inhibited TCP adsorption and thus prevented the occurrence of an S-

shaped isotherm.  

From the results of the study it can be further concluded that the adsorption of OMPs on 

high-silica zeolites is based on monolayer adsorption. The maximum adsorption capacities 

of OMPs are decided by the micropore surface area/volume of zeolites. The maximum 

adsorption capacity of neutral OMPs at high equilibrium concentrations by high-silica 

zeolites are higher compared to same species of charged OMPs, since the surface of high-

silica zeolites are almost neutral (Fukahori et al., 2011). However, at low equilibrium 

concentration, the adsorption efficacies of positively charged OMPs were higher than those 

of neutral and negatively charged OMPs, since positively charged OMPs were steadily 

adsorbed on high-silica zeolites by experiencing electrostatic attraction with the negative 

sites of the zeolites (Chapter 5). The hydrophobicity of high-silica zeolites prevent the 

water adsorption and the pore blockage by water molecules. More pores of zeolites are 

thus available for the diffusion and adsorption of OMPs (Damjanovic et al., 2010; de Ridder 

et al., 2012). The pore opening size of zeolites determines the accessibility of the OMPs 

during the adsorption process. OMPs with a molecular size larger than the pore opening 

size of zeolites are excluded by zeolite frameworks due to steric hindrance (Roque-

Malherbe et al., 1995; Rungsirisakun et al., 2006). The pores of zeolites closely fitted for 

OMPs disrupt the structure of water clusters in the micropores of zeolites and provide a 

strong interaction between OMPs and zeolites (Giaya and Thompson 2002a; b). Therefore, 

high-silica zeolites are better adsorbents than activated carbon for the removal of small 

sized, polar and non-aromatic OMPs, which closely fit the pores of zeolites.  

Research question 3: How do NOMs affect OMP adsorption on high-silica zeolites? 

The effect of NOM on the adsorption of 23 pharmaceuticals (PHAMs) onto high-silica 

zeolites is presented Chapter 5. FAU, MOR, BEA and MFI zeolites were found to be selective 

adsorbents for the removal of PHAMs, which means that one zeolite with a specific 

framework, removed only several species of PHAMs with high adsorption efficacies. In the 

presence of NOM, positively charged PHAMs were preferably removed by high-silica 
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zeolites, because of electrostatic attraction with the negative sites of high-silica zeolites. 

Additionally, the concentration of competing positively charged NOM fractions present in 

the tested water were probably lower than the neutral and negatively charged fractions. 

Zeolites with channel structures also prevented the negative effect of NOM on the 

adsorption of positively charged PHAMs.  

The adsorption of neutral and negatively charged PHAMs were affected by their molecular 

sizes. When the sizes of neutral and negatively charged PHAMs fitted the pore sizes of 

zeolites, PHAMs were reasonably well adsorbed. Neutral and negatively charged PHAMs 

with molecular sizes larger than the pore sizes of zeolites were excluded. Compared with 

the positively charged PHAMs, the bonding between neutral/negatively charged PHAMs 

and the framework of zeolites were weak. The adsorption efficacies of neutral and 

negatively charged PHAMs were thus impaired in the presence of NOM. NOM fractions 

with sizes less than the pore size of zeolites would probably enter the framework of 

zeolites and compete with the adsorption of weakly bonded PHAMs. NOM competition 

with PHAMs for the adsorption sites in the micropores were likely to happen in multi-

solute water, since a broad range of PHAMs were unable to closely fit uniform micropores 

of zeolites. In addition, NOM fractions would possibly be adsorbed on the external surface 

of zeolites and caused the blockage of micropores.  

2 Outlook 

2.1 The potential of high-silica zeolites as adsorbents in water treatment  

High-silica zeolites have a high selectivity for OMP adsorption as can be seen in chapter 2 

and 3. Therefore it is expected that high-silica zeolites are suitable for the removal of 

specific targeted OMPs, e.g. MTBE (Knappe and Campos 2005; Li et al., 2003b), which 

closely fit the pores of zeolites. For the adsorption of a wider spectrum of OMPs, a 

combination of high-silica zeolites with different frameworks would thus be preferred. For 

further application, zeolites granules should be developed by synthesizing zeolite powders 

with clay binders. Zeolites granules can then be packed in a column and saturated zeolites 

can be regenerated on-site. In water treatment, the adsorption process is then supposed to 

be combined with other process, e.g. oxidation and membrane filtration, as multi barriers 
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for OMPs. Zeolite adsorption can be included in the multi barriers for the removal of 

specific OMPs or a broader range of OMPs when a combination of zeolites are used.  

The resistance of zeolites to chemical reactions allows for oxidative regeneration after 

adsorption. The oxidative regeneration of high-silica zeolites has been shown as an 

effective process to restore the OMP saturated high-silica zeolites (Sagehashi et al., 2005; 

Shahbazi et al., 2014; Wang et al., 2010; Wang et al., 2006). Oxidative regeneration can be 

carried out on-site (Gonzalez-Olmos et al., 2011; Gonzalez-Olmos et al., 2013), minimizing 

transportation costs and CO2 emissions. The combination of high-silica zeolite adsorption 

and oxidative regeneration will therefore result in cost savings and a lower environmental 

impact compared to the thermal reactivation of activated carbon. In practice, zeolite 

granules should be frequently regenerated by oxidative processes. Short empty bed 

contact time can then be applied and the investment cost will be reduced. It is supposed 

that only a small fraction of NOM with sizes less than the pore sizes of zeolites can be 

adsorbed, which potentially results in a low consumption of oxidants by NOM.  

2.2 Further research 

Most of the current research on OMP removal by high-silica zeolites focused on powdered 

zeolites (Damjanovic et al., 2010; Rakic et al., 2010; Rossner et al., 2009). For the 

application in water treatment, high-silica zeolites should be engineered into granules and 

less selective for OMPs, e.g. by combining zeolites with different frameworks. The 

characteristics of high-silica zeolites’ granules, e.g. mechanical strength and porous 

structures, adsorption kinetics and efficacies of OMPs need further investigation. High-

silica zeolites need to be tested in column experiments to validate the models for full scale 

implementation, regarding breakthrough curve and contact time.  

Compared with high-silica zeolites, natural zeolites are much cheaper adsorbents. Natural 

zeolites might be capable of removing certain NOM fractions (Niri et al., 2014; Wang and 

Peng 2010), which affect OMP adsorption. Natural zeolites would thus be a promising pre-

treatment for high-silica zeolites and activated carbon adsorption process and needs 

further investigation.  

To fulfil the application of high-silica zeolites in water treatment, the on-site oxidative 

regeneration needs to be further developed. The knowledge on the optimized dosages of 
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oxidants, the possible defects of zeolites in oxidative conditions, and the optimal 

configuration of adsorption – oxidative regeneration remains unknown, which also 

requires further research. Also metal-zeolite catalyst could be synthesized by loading 

metal oxides, for example, iron and copper oxides, on zeolites, enhancing the rates of 

oxidation regeneration in a catalytic process (Becker and Förster 1998; Gonzalez-Olmos et 

al., 2013).  
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A broad range of organic micropollutants (OMPs), including pesticides, pharmaceuticals 

and personal care products, are present in drinking water sources and effluent of 

wastewater treatment plants (Kolpin et al., 2002; Stackelberg et al., 2004). The presence of 

OMPs in water significantly threatens public health and thus calls for effective treatment 

technologies (Alan et al., 2008; Pal et al., 2010). Zeolites are highly structured minerals 

with uniform micropores (pore diameters < 2nm) (McCusker and Baerlocher 2001). The 

pores of zeolites allow for the adsorption of OMPs and potentially avoid the negative 

influence of natural organic matter (NOM) (de Ridder et al., 2012; Hung and Lin 2006; 

Knappe and Campos 2005). High-silica zeolites have hydrophobic surfaces, which could 

prevent water competition with OMP adsorption (Maesen 2007; Rakic et al., 2010; 

Tsitsishvili 1973). High-silica zeolites are thus expected to be potential alternative 

adsorbents for activated carbon in water treatment. 

Zeolite research has mainly focused on specifically adsorbing OMPs, while the insight in 

the adsorption mechanisms of a broad range of OMPs is limited. In addition, adsorption 

mechanisms of multiple OMPs on high-silica zeolites in the presence of NOM have not been 

studied. Therefore, the objective of this research was to obtain further insight in the 

adsorption mechanisms of high-silica zeolites for a broad spectrum of OMPs, in order to 

establish an alternative adsorption technology in current water treatment.  

A literature study was conducted to review the available knowledge and experience on the 

adsorption of OMPs on high-silica zeolites. It was found that high-silica zeolites have the 

ability for adsorption of a variety of OMPs, including the small sized and polar OMPs, which 

are not well adsorbed on other adsorbents. The good adsorption efficacies of high-silica 

zeolites benefit from the featured properties, i.e. large number of micropores, closely fitted 

pores for OMPs and high surface hydrophobicity. The effect of NOM in natural water on 

adsorption of certain OMPs, e.g. MTBE and N-nitrosamines, was even not observed, while 

the effect of NOM on a broader range of OMPs was unknown. Oxidative regeneration of 

high-silica zeolites was found to be an efficient method to restore the adsorption capacities 

of high-silica zeolites. The combination of high-silica zeolite adsorption and on-site 

oxidative regeneration, therefore, potentially allows for a reduction of investment and 

operational costs and waste generation compared to conventional activated carbon 

filtration.  
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To study the adsorption mechanisms of a variety of OMPs on high-silica zeolites, the 

adsorption of triclosan, 2,4,6-trichlorophenol (TCP) and phenol, with the same functional 

groups, but diverse properties, i.e. molecular weight and water affinity, on ten high-silica 

zeolites were studied in the batch experiments. The maximum adsorption capacity of 

triclosan was more related to the micropore surface area/volume than to the 

hydrophobicity of the zeolites. The maximum adsorption capacity of TCP was observed 

from an S-shaped isotherm with a low adsorption efficacy at the low concentrations. At the 

same equilibrium concentration range as triclosan and TCP, the maximum adsorption 

capacity of phenol was not observed since phenol is more hydrophilic than triclosan and 

TCP. MFI with more closely fitted pores for phenol had a higher adsorption capacity than 

FAU, BEA and MOR for phenol adsorption.  

To further explore the origin of the S-shaped adsorption isotherm, Monte Carlo (MC) 

simulation was carried out to study TCP adsorption on high-silica zeolites. Results from 

MC simulation corresponded well with the results from batch experiments, regarding the 

shape of adsorption isotherms, the maximum adsorption capacity of TCP and the effect of 

Si/Al ratios. The occurrence of S-shaped isotherms was found to originate from π-π 

interactions between TCP molecules. A higher Al content in the framework of FAU zeolites 

with a lower Si/Al ratio promoted the adsorption of water molecules, which inhibited TCP 

adsorption and thus prevented the occurrence of an S-shaped isotherm.  

The effect of NOM on OMP adsorption was studied by the adsorption of 23 

pharmaceuticals (PHAMs) on high-silica zeolites. The results showed that The effect of 

NOM on the adsorption of positively charged PHAMs was less pronounced or even absent 

compared to the adsorption of neutral and negatively charged PHAMs. Zeolites with 

channels, i.e. MOR, BEA and MFI, proved to be better adsorbents for positively charged 

PHAMs than FAU with cages. The adsorption of neutral and negatively charged PHAMs 

were affected by the molecular sizes of PHAMs and pore sizes of zeolites. However, the 

effect of hydrophobicity/hydrophilicity of PHAMs on the adsorption efficacies of PHAMs 

on zeolites was not observed.  

Overall, it can be concluded that high-silica zeolites have a good ability to remove several 

OMPs from water. The adsorption efficacies were affected by the characteristics of OMPs 

and high-silica zeolites. A combination of high-silica zeolites with different framework 
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types could therefore be a barrier for a broad range of OMPs. However, the adsorption 

efficacies of certain OMPs were hampered by the presence of NOM, which is not favourable 

for the application of high-silica zeolites in water treatment as only barrier against OMPs.  
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