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ABSTRACT 

For the last few decades, organic micro-pollutants in the environment, such as 

pharmaceuticals, have been a growing topic of interest in many environmental, health 

and safety departments all over the world. Adverse effects on the environment have 

already been proven, and health effects on humans related to the consumption of 

drinking water containing a mixture or organic micro-pollutants are still unknown. 

However, by way of precaution, removal of organic micro-pollutants from wastewater 

effluent and drinking water is desirable. One of the techniques to remove organic micro-

pollutants is by means of activated carbon adsorption. Unfortunately, the removal of 

micro-pollutants with activated carbon is not always effective. Therefore, research on how 

to remove the micro-pollutants more effectively is needed. 

This thesis dealt with three different approaches on the adsorption of pharmaceuticals on 

activated carbon. 

 

Firstly, the prediction of activated carbon adsorption of pharmaceuticals was handled, by 

means of relating the pharmaceutical and carbon properties (quantified as interfacial free 

energy of interaction) to the activated carbon adsorption of these pharmaceuticals 

(quantified by the carbon loading). 

Surface tension components were determined of the different pharmaceuticals and 

activated carbon types, after which the interfacial free energy of interaction       

(during adsorption) could be calculated. Freundlich isotherms of the pharmaceuticals were 

determined, and a carbon loading (qe) was calculated using these Freundlich isotherms. 

A general correlation between qe and       was found, for all of the investigated 

activated carbon types and pharmaceuticals, indicating that the higher the      , the 

bigger the repulsion between solute-carbon in an aqueous environment, and the lower 

the carbon loading was. Some differences were found between the activated carbon types, 

as well as between the different pharmaceuticals, indicating that the interfacial free 

energy of interaction is not single-handedly responsible for adsorption. Other processes 

that could influence the adsorption included pore structure of the activated carbon, 

affecting the diffusion of the pharmaceuticals into the carbon pores, electrostatic 
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interactions, steric hindrance and the formation of hydrogen bonds in between the 

pharmaceuticals and the activated carbon surface. Nevertheless, a main trend was found, 

indicating that free energy of interaction is one of the key parameters, needed to predict 

adsorption. 

 

Secondly, the pore blocking phenomenon in granular activated carbon was addressed. If 

pore blocking of smaller micropores could be eliminated, an increase in adsorption 

capacity for organic micro-pollutants could be achieved.  

Granular activated carbon was preloaded with different natural organic matter 

(responsible for pore blocking) size fractions (<400 Da, <800 Da, <1 µm) of surface 

water and wastewater effluent, followed by adsorption of target pharmaceutical 

compounds, and finally quantification of the remaining adsorption capacity in terms of a 

phenol number. 

For the wastewater effluent preloadings, the highest adsorption capacity for 

pharmaceuticals (indicating the highest phenol number and the least pore blocking) was 

found for the 400 Da preloading regime. For the 800 Da and 1 µm preloading regimes, 

poor pharmaceutical adsorption was observed. This indicated that the adsorption capacity 

of activated carbon for pharmaceuticals can be increased by performing a 400 Da 

nanofiltration on the secondary wastewater effluent, before activated carbon adsorption. 

For the surface water preloadings, different results were obtained. Here, the 400 Da 

preloading regime resulted in the lowest adsorption capacity for pharmaceuticals. If a 400 

Da nanofiltration were performed before drinking water production out of surface water, 

the activated carbon would have a lower adsorption capacity for organic micro-pollutants. 

This indicated that possibly different physico-chemical properties in the natural organic 

matter fractions, e.g. hydrophobicity, affect the adsorption capacity of pharmaceuticals. 

More research on this subject should clarify this. 

 

Thirdly, the influence of reduction, rather than oxidation, on activated carbon adsorption 

of pharmaceuticals was investigated briefly. Reduction/dehalogenation of pharmaceuticals 

should result in more hydrophobic degradation products, and thus a better adsorption on 

a hydrophobic adsorbent like activated carbon. 
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Freundlich isotherms of diatrizoate, diclofenac and their dehalogenation products 3,5-

diacetamidobenzoate and 2-anilinophenylacetate respectively were used to calculate a 

carbon loading qe. Better adsorption behavior was found for more hydrophobic 

compounds (3,5-diacetamidobenzoate and diclofenac), indicating that the dehalogenation 

product was not always more hydrophobic than its original compound. The reduction 

potential of a wide range of organic micro-pollutants should be determined, in order to 

investigate the applicability of this new technique (reduction followed by activated carbon 

adsorption) in organic micro-pollutant removal. 
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SAMENVATTING 

Sinds de jaren 80 is het verwijderen van organische micro-polluenten uit drinkwater en 

afvalwater één van de aandachtspunten bij de industrie en beleidsvormende instanties. 

Negatieve effecten op het milieu zijn reeds bewezen, terwijl effecten op de gezondheid 

van de mens, gerelateerd aan de consumptie van drinkwater dat vervuild is met een 

cocktail van organische micro-polluenten, nog niet bekend zijn. Het is daarom wenselijk 

om, uit voorzorg, deze micro-polluenten te verwijderen uit afvalwatereffluent en 

drinkwater. Één van de huidige technieken om organische micro-polluenten te 

verwijderen is actieve kool adsorptie. De verwijdering met actieve kool is echter niet altijd 

even efficiënt. Om die reden is meer onderzoek nodig naar mogelijkheden om de 

verwijdering van organische micro-polluenten efficiënter te maken. 

Deze thesis behandelt drie verschillende aspecten in verband met de adsorptie van 

geneesmiddelen op actieve kool. 

 

Een eerst aspect handelde over het voorspellen van geneesmiddelenadsorptie, door een 

relatie te zoeken tussen de eigenschappen van geneesmiddelen en actieve kool 

(gekwantificeerd als vrije interactie-energie tijdens adsorptie) en de adsorptie van deze 

geneesmiddelen (bepaald door de actieve koolbelading). 

Hiervoor werden oppervlaktespanningcomponenten bepaald van de verschillende 

geneesmiddelen en de actieve kooltypes, waaruit de vrije interactie-energie       

berekend kon worden. Daarnaast werden Freundlich isothermen van de geneesmiddelen 

opgesteld, waaruit de actieve koolbelading (qe) berekend kon worden. 

Er was een algemene correlatie tussen qe en      , voor alle onderzochte kooltypes en 

geneesmiddelen: hoe hoger de      , hoe groter de afstoting tussen de opgeloste stof 

en de actieve kool was,en hoe lager de koolbelading was. Er waren echter verschillen in 

de correlaties, tussen de verschillende kooltypes en de verschillende geneesmiddelen. Dit 

duidde erop dat niet alleen de vrije interactie-energie verantwoordelijk was voor adsorptie, 

maar ook andere processen een rol konden spelen. Deze andere processen waren 

bijvoorbeeld de poriënstructuur van de actieve kool die de diffusie van de opgeloste stof 

in de poriën kon beïnvloeden, elektrostatische interactie tussen opgeloste stof en actief 
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kooloppervlak, sterische hindering, en de vorming van waterstofbruggen tussen de 

geneesmiddelen en de actieve kool. Niettemin was een duidelijke trend zichtbaar, wat 

erop duidde dat de vrije interactie-energie één van de belangrijke parameters is, nodig 

om adsorptie te gaan voorspellen. 

 

Een tweede deel handelde over de porieblokkering van kleinere microporiën in actieve 

kool. Als porieblokkering (door natuurlijk organisch materiaal) vermeden kon worden, zou 

een grotere adsorptiecapaciteit voor organische micro-polluenten mogelijk zijn. 

Granulaire actieve kool werd voorbeladen met verschillende fracties natuurlijk organisch 

materiaal (<400 Da, <800 Da, <1 µm) uit twee watertypes: oppervlaktewater en 

afvalwater effluent. Deze voorbelading werd gevolgd door adsorptie van de 

geneesmiddelen, en ten slotte kwantificering van de resterende adsorptiecapaciteit aan de 

hand van een fenolnummer. 

Bij de afvalwatereffluent voorbeladingen werd de hoogste geneesmiddelenadsorptie 

gevonden bij de 400 Da voorbelading. Bij de 800 Da en de 1 µm voorbeladingen werd 

een slechtere geneesmiddelenadsorptie vastgesteld. De adsorptiecapaciteit voor 

geneesmiddelen kan dus verhoogd kan worden door een 400 Da nanofiltratie uit te 

voeren op afvalwatereffluent, voorafgaand aan actieve kooladsorptie. 

Andere resultaten werden gevonden bij de oppervlaktewater voorbeladingen: de 400 Da 

voorbelading resulteerde hier in de laagste adsorptie van geneesmiddelen. Indien een 400 

Da nanofiltratie wordt uitgevoerd op dit type oppervlaktewater, dan zou de actieve kool 

dus een lagere adsorptiecapaciteit hebben voor organische micro-polluenten. Een 

mogelijke verklaring voor het verschil met afvalwatervoorbelading kan een verschil in 

fysicochemische eigenschappen van het natuurlijk organisch materiaal zijn. Een verschil in 

bijvoorbeeld hydrofobiciteit van de natuurlijk organisch materiaalfracties kan de 

adsorptiecapaciteit voor geneesmiddelen beïnvloeden. Er is echter meer onderzoek nodig 

op dit onderwerp om dit op te helderen. 

 

In het derde deel werd de invloed van reductie van geneesmiddelen, in plaats van 

oxidatie onderzocht, met het effect op actieve kooladsorptie. Reductie (of dehalogenatie) 
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van geneesmiddelen zou meer hydrofobe degradatieproducten moeten opleveren, en dus 

een betere adsorptie op een hydrofoob adsorbens zoals actieve kool. 

Er werden Freundlich isothermen van diatrizoaat en diclofenac, met hun respectievelijke 

dehalogenatieproducten 3,5-diacetamidobenzoaat en 2-anilinophenylacetaat, opgesteld. 

Hieruit werd een actieve koolbelading berekend. Er werd een betere adsorptie vastgesteld 

voor de meer hydrofobe verbindingen: 3,5-diacetamidobenzoaat en diclofenac. Dit wijst 

erop dat het dehalogenatieproduct niet altijd meer hydrofoob was dan de originele 

verbinding. Het reductiepotentieel moet echter voor een grotere groep micro-polluenten 

onderzocht worden, om de toepasbaarheid van deze nieuwe techniek (reductie met 

aansluitende actieve kool adsorptie) te bepalen. 
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1. INTRODUCTION 

Problem statement 

Pharmaceuticals in the environment. It is a worldwide problem that has been a major 

topic of interest in the scientific field for the last few decades now. Unfortunately, many 

organic micro-pollutants, including pharmaceutical compounds, are still ending up in the 

environment, and one way is via the discharge of sewage water into surface water. 

Knowing that drinking water is often produced from surface water, the removal of these 

compounds is, without any doubt, a problem that needs to be addressed. 

 

Objectives of this study 

This thesis consists of three different parts, all relating to the removal of pharmaceuticals 

in aqueous solution, through activated carbon adsorption. In the first part, the prediction 

of adsorption of pharmaceuticals on activated adsorption will be handled. Being able to 

predict the adsorption of pharmaceuticals would provide us with valuable insight into the 

adsorption process, enabling a better design and operation of activated carbon reactors. 

In the second part, the pore blocking phenomenon in granular activated carbon will be 

addressed. Pore blocking (by larger molecules such as natural organic matter) reduces 

the adsorption capacity for the smaller organic micro-pollutants. If the pore blocking 

phenomenon can be eliminated, an increase in the adsorption capacity for organic micro-

pollutants could be achieved. The third part of this thesis will handle about a new field of 

study regarding activated carbon adsorption of micro-pollutants. One of the current 

techniques to remove organic micro-pollutants from water is the oxidation of these 

compounds, often followed by activated carbon adsorption. The third part of this thesis 

will address the influence of reduction, rather than oxidation, on activated carbon 

adsorption of pharmaceuticals. A more detailed description of the objectives can be found 

in Paragraph 2.4.. 
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General outline of this thesis 

In the second chapter, the occurrence of organic micro-pollutants in the environment will 

be addressed, next to the current state-of-the-art techniques (along with their problems) 

for removing these compounds. In the third chapter, the materials and methods used to 

deal with the objectives will be discussed, while the fourth chapter contains the results 

and discussion. Finally, in the fifth chapter, a conclusion and the perspectives for future 

research will be given. 
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2. LITERATURE REVIEW 

2.1. Pharmaceuticals in the environment 

Since the 1980s, the occurrence of pharmaceutical compounds in the environment has 

been a growing topic of interest in many environmental, health and safety departments all 

over the world. At first, the focus was on the determination of concentration levels of 

these compounds in the aquatic environment, and the discharge of pharmaceuticals 

through wastewater treatment plant (WWTP) effluents in the natural waters. Later, the 

focus shifted towards their fate in the environment, and their effects on ecotoxicity and 

human health (Kümmerer, 2009). 

These pharmaceutical compounds are part of a larger group of chemical compounds 

called organic micro-pollutants (OMPs). Other OMPs include pesticides, hormones, 

personal care products, plasticizers, flame-retardants, fuel additives and other industrial 

organic pollutants (Verliefde, 2008). These OMPs can be found in trace concentrations 

(that is in the µg/L to ng/L range) in the aquatic environment. 

Special attention goes to the presence of these compounds in drinking water sources, the 

way of how they end up there, and the technology to remove them, due to known health 

effects on animal life and potential harmful effects on human life (see Paragraph 2.2.).  

Pharmaceuticals (the correct term being active pharmaceutical ingredient (API)) are 

consumed on a large scale. Unfortunately, there is no data available for the whole 

worldwide consumption of pharmaceuticals, since for each country, pharmaceutical use 

can differ significantly. The contraceptive pill based on ethinylestradiol is consumed by 59% 

of European women, while in Japan, only 2.3% of the women use this kind of 

contraception (Kümmerer, 2009). In Germany, about 50 000 different pharmaceuticals 

were registered in 2001. Of those, about 900 different APIs were responsible for 90% of 

the total consumption. This equals to 38 000 tons of APIs, of which about 6 500 tons are 

of environmental concern (Kümmerer, 2009). This corresponds to almost 0.5 kg per 

capita per year.  

The active pharmaceutical ingredients in the aquatic environment can originate from 

multiple sources: 



 
4 

- Firstly, the API manufacturers can be a source of these pollutants in the environment. 

Emissions from the manufacturer, however, are thought to be negligible in Europe 

and North America, due to manufacturing regulations and the high costs involved in 

API production which makes it economically undesirable to have API waste. It must be 

noted though that in some Asian countries, as well as in one case in Norway, the 

manufacturers effluents can contain APIs up to several mg/L. For the above 

mentioned reasons, this is expected to be exception rather than the rule (Kümmerer, 

2009; Thomas, 2008). 

 

- Secondly, the personal use of pharmaceuticals is a source of these OMPs in the 

aquatic environment. This source can roughly be divided in two subsections: a 

discharge originating from hospitals, and a discharge origination from household 

waste.  

Depending on the API, between 30 and 90% of the ingested amount is not 

metabolized in the body but excreted into the urine (Rang, 2003). Hence, it is no 

surprise that hospital wastewaters contains a lot of pharmaceutical waste, resulting in 

even higher API concentrations than in municipal wastewater. Hospital wastewater is 

usually discharged into the sewage network, and treated in a WWTP, but many APIs 

are persistent to the biological treatment. 90% of the micro-pollutants in the WWTP 

influent remains in the effluent (Ternes, 1998), resulting in effluent concentrations in 

the ng/L to several µg/L range (Van De Steene et al., 2010; Halling-Sørensen et al., 

1998; Tixier et al., 2003). E.g. for pimpamperone, an effluent concentration of 35.6 

µg/L was measured in the effluent of a Belgian WWTP (Van De Steene et al., 2010). 

Still, the pharmaceutical discharge load in the sewer system is lower than the 

municipal wastewater load. The pharmaceutical load originating from hospitals is less 

than 3% than the total household pharmaceutical load, with some exceptions having a 

10% share in the hospital load (Kümmerer, 2009).  

Household waste contributes to the pharmaceutical discharge as follows. Sometimes, 

outdated drugs are flushed down the sink or toilet. This practice is also conform EU 

and US legislations: getting rid of unused drugs with household waste (this includes 

sewage water) has been permitted since 1994 (Kümmerer, 2009). 33% of all sold 

medicine in Germany and 25% in Austria are estimated to end up in either household 

waste or in the sewage water (Greiner, Rönnefahrt, 2002; Sattelberger, 1999). Since 

most of the APIs are not removed in the WWTP, they end up in surface water. Next to 

discharge of pharmaceutical solutes in the WWTP effluent, part of the solutes adsorb 
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into activated sludge flocs. This sludge is sometimes spread over agricultural land. 

Here they can contaminate ground water, or in the case of rain events, run-off from 

land can result in another cause of pharmaceuticals in the aquatic environment 

(Cooper et al., 2008). In the case of storm events, sewage overflow into surface water 

is another non negligible source of pharmaceutical pollution. 

 

- The unused APIs that are disposed of with solid waste can also be a source of 

environmental contamination. In case the waste gets incinerated, the APIs are 

destroyed along with the waste. In case the waste goes to a landfill, the APIs can 

percolate through the landfill and end up in the drainage water. After biological 

treatment of this drainage water, most of the APIs are still present in the effluent. 

This is a third source of pharmaceuticals in the aquatic environment. 

 

- A fourth source are the veterinary pharmaceuticals. Part of the dosed drugs are 

excreted, and end up in the manure. This manure can be treated or disposed of in 

different ways: anaerobic digestion, direct aerobic biological treatment, or direct use 

as a fertilizer. The anaerobic digestion waste contains both a solid and liquid fraction. 

The liquid fraction is either discharged after treatment or used as a fertilizer, 

depending on the water quality. The solid fraction is used as well as a fertilizer and/or 

soil structure enhancer. Direct aerobic biological treatment also results in a liquid 

discharge or, depending on the effluent quality, the use as a fertilizer. The manure 

can also directly be used as a fertilizer. In each of the cases where a solid or liquid 

fraction is brought onto agricultural land, there is a potential risk for pharmaceutical 

pollution. This can contaminate the groundwater with APIs, and during heavy rainfall, 

part of the pharmaceuticals on land can run off into surface water. Concentrations of 

steroid substances (e.g. progesterone) in the feces of pork, were in the range of 2.2 

to 14 400 ng/g. Aquaculture is usually accompanied by a high dosage of 

pharmaceuticals. Therefore the aquaculture wastewater is also a source of veterinary 

drugs (Kim et al., 2008). 

As can be concluded, there are many sources of pharmaceuticals in surface water. 

Pharmaceuticals are often measured in the µg/L or ng/L range in the aquatic environment 

(Kümmerer, 2009). The presence of these compounds has not only a potential effect on 

the aquatic fauna and flora, but also on humans (see Paragraph 2.2.) since in many 

countries surface water is a direct source for drinking water. 
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2.2. Risks of pharmaceuticals in the aquatic environment 

Recently, several examples of detrimental effects of pharmaceuticals on aquatic life have 

been published (Kümmerer, 2009). The aquatic insect Chironomus riparius (a Diptera) 

showed deformities around the mouth at concentrations of 10 ng/L ethinylestradiol (Watts 

et al., 2003). Zebrafish are influenced at concentrations of 50 ng/L, shown by a loss of 

sexual differentiation (Nash et al., 2004), and the freshwaterfish fathead minnow 

population diminished drastically in experimental lakes at ethinylestradiol concentrations 

of 5 ng/L (Kidd et al., 2007). Also other pharmaceutical compounds exert an effect on 

aquatic life. Exposure of the freshwater jellyfish Hydra vulgaris to the pharmaceuticals 

diazepam, digoxin and amlodipine at 10 µg/L resulted in the loss of the regeneration 

ability of dissected body parts. The carbamazepine concentration in wastewater effluents 

in France and Germany were reported to greatly exceed the predicted no-effect 

concentration (PNEC) (Ferrari et al., 2003). For clofibric acid, the effluent concentration in 

Germany was only marginally below the PNEC (Ferrari et al., 2003). Even though the 

effluent is diluted in the surface water stream, one can still conclude that that 

carbamazepine exerts a potential risk to aquatic life, while the discharge concentration of 

clofibric acid has next to no margin before it reaches the critical PNEC value (Ferrari et al., 

2003). Wilson et. al. (2003) noted a decline of diversity in algal genus by exposure to 

triclosan and ciprofloxacin (two anti-microbials), at concentrations relevant to those 

occurring in surface water. Special attention should go to antibiotics, because, with 

resistant bacteria like MRSA in mind, pathogens could become resistant to a wide range of 

antibiotics. Another often heard apprehension are the still unknown effects of synergism 

or addition in terms of toxicity, i.e. the long-term effects of exposure to a cocktail of APIs 

is not yet known. It is because of these reasons that the presence of pharmaceutical 

compounds in the aquatic environment should be avoided. 

As mentioned before, drinking water is often produced from surface water. This means 

pharmaceuticals can end up in drinking water, and pose a possible threat to human 

health as well. Table 2.1. shows the maximum measured concentrations of organic micro-

pollutants in surface waters in Flanders and The Netherlands, in drinking water in the 

European Union and The Netherlands, as well as the human health limit (HHL) (this 

corresponds to the maximum concentration allowed in drinking water, calculated for the 

consumption of 2 liters of tap water a day for 60 years, without having any risk on human 

health). Fortunately, drinking water treatment is much further-reaching than wastewater 

treatment, so more organic micro-pollutants are removed here. The total intake of 
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pharmaceutical compounds from drinking water (2 liters a day, for over 70 years) thus 

usually does not exceed the therapeutic doses administered. However, there are again 

some uncertainties that need to be taken into account. During therapeutic intake, one 

usually takes high doses of pharmaceuticals in a short time. It is still unknown what the 

effect is of a long term intake of low dosages of pharmaceutical compounds. Secondly, it 

is reasonable to say that seniors and babies are more vulnerable than healthy adults to 

the effects of long term pharmaceutical intake. And thirdly, as was the case with effects 

on aquatic life, the toxicity of mixtures is still unknown, as such possible effects like 

addition or synergism should be taken into account. 

Table 2.1.: Organic micro-pollutants in surface and drinking water, and human health 

limit (u.d.: under detecion limit) (Verliefde et al., 2007) 

Compound 

Surface water (ng/L) Drinking water (ng/L) 

HHL (ng/L) 
Flanders 

The 
Netherlands 

EU 
The 

Netherlands 

Hormones 
     

17β-estradiol 2.3 1.0 2.3 <0.4 7 

17α-ethinylestradiol - 0.4 <1 <0.4 7 

estrone 21.7 3.4 21.7 <0.4 - 

Industrial chemicals 
     

bisphenol-A 580 22 000 22 000 < 10 100 000 

phthalates 10 300 200 000 200 000 2 100 - 

PCBs < 7 20 80 < 10 - 

nonylphenolpolyethoxylates - 2 600 2 600 1 500 - 

MTBE - 62 000 62 000 < 1 000 9 000 000 

NDMA - < 10 < 10 2 12 

Pesticides 
     

atrazine 13 000 400 13 000 30 600 

simazine 19 000 50 19 000 < 10 1 000 

glyphosate - 450 1 000 > 100 10 000 

carbendazim > 2 000 1 480 > 2 000 u.d. 200 

Pharmaceuticals 
     

sulfamethoxazole - 90 1 700 40 75 000 

carbamazepine - 500 2 000 90 50 000 

acetylsalicylic acid - 65 - 122 25 000 

iopamidol - 470 470 69 415 000 000 

amidotrizoic acid - 290 300 83 250 000 000 

 

It is therefore in the best interest of both the aquatic environmental state and human 

health to remove the pharmaceuticals before they end up in surface water. 
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In 2003, the Flemish newspaper ‘De Standaard’ published some articles about 

pharmaceuticals in the environment and in drinking water (Figure 2.1.). This results in the 

public perception of drinking water not being impeccable anymore, something that 

drinking water utilities most certainly want to avoid. 

 

Figure 2.1.: Pharmaceuticals in drinking water (De Standaard, 2003) 

More recently, the European commission published a press release, see Figure 2.2., 

stating that 15 new chemicals in the environment should be added to the list of 33 

pollutants which are monitored and controlled in surface waters in the European Union. 

These 15 new compounds include 3 pharmaceutical substances, being 17 α-

ethinylestradiol, 17 β-estradiol and diclofenac. (European Commission, 2012) 
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Figure 2.2.: Environment and Water – European Commission 

 

2.3. Pharmaceutical removal from water: state of the art 

2.3.1. High pressure membrane filtration (NF/RO) 

Membrane filtration is a relatively new, but proven, technique in water treatment. 

Membranes are used to filter contaminants from the feed source, resulting in two streams 

of water: the clean water that went through the membrane (permeate) and the water 

that did not pass the membrane (concentrate). This is represented in Figure 2.3.. The 

permeate is most often forced through the membrane using pressure as a driving force. 

The permeate usually still contains some solutes, depending on the pore size of the 

membrane. There are four different types of pressure driven membrane processes, 

represented in Table 2.2.. Organic micro-pollutants can only be removed using 

nanofiltration (NF) and reverse osmosis (RO). Most OMPs have a molar mass around 200-

300 g/mol, while the molecular weight cut-off (MWCO) (the molar mass of a solute that is 

removed for 90%) of NF and RO is in that region. Bigger macro-molecules can be 

removed using ultrafiltration (UF), while suspended solids can be removed using 

microfiltration (MF).  
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Figure 2.3.: Schematic representation of a membrane process 

Table 2.2.: Types of pressure driven membrane processes (Verliefde, 2008) 

Membrane 

process 

Applied 
pressure 

(bar) 

Permeate flux 
range 

(L/(m².h.bar)) 

Pore size 

(nm) 
Application 

Microfiltration 
(MF) 

0.1 - 2 > 50 > 100 Particle removal 

Ultrafiltration 

(UF) 
< 5 10 - 50 5 - 100 

Particle removal, virus removal, 

removal of macromolecules 

Nanofiltration 

(NF) 
3 - 15 1.4 - 12 0.5 - 5 

Removal of multivalent salts and 

small organic molecules 

Reverse osmosis 
(RO) 

7 - 100 0.05 - 4 0.1 - 1 
Removal of all salts and small 

organic molecules 

 

NF and RO in particular should be able to remove all organic micro-pollutants, since the 

MWCOs (or pore sizes) of those membranes are lower than the molecular weights (or 

sizes) of the OMPs. However, this doesn’t seem to be the case for all OMPs. Sometimes, 

traces of some micro-pollutants are still found in the permeate of these membranes. In 

order to understand how this is possible, one must take a closer look at the solute-

membrane interactions that occur during the membrane filtration. 

A first solute-membrane interaction that occurs is the sieving effect, called steric 

hindrance. The size of the solutes with respect to the pore size of the membrane is the 

most important reason for steric hindrance. The MWCO is the main parameter used for 

quantifying the rejection of a membrane. Solutes with a molar mass higher than the 

MWCO are rejected well, solutes with a molar mass lower than the MWCO are still found 

in the permeate. 

A second solute-membrane interaction is the hydrophobic-hydrophobic interaction 

between the solutes and the membrane. This means that apolar (and thus hydrophobic) 

molecules have a high affinity for the membrane, and thus adsorb on/into the membrane 

more easily than polar molecules. While more water is being pushed through the 
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membrane, these adsorbed hydrophobic molecules can desorb and migrate through the 

membrane, where they ultimately end up in the permeate. Polar (and thus usually more 

hydrophilic) molecules do not have this affinity for the apolar membrane, and are thus 

better rejected using membrane filtration. 

A third solute-membrane interaction is based on electrostatic interactions. Most 

membranes are negatively charged, due to dissociation of acidic groups on the surface of 

the membrane. The negative nature of membranes results in a better rejection for 

negatively charged solutes, due to electrostatic repulsion, while positively charged solutes 

are less rejected and thus found more in the permeate. (Verliefde, 2008) 

A major drawback of membranes, is the ‘production’ of a concentrated waste stream. This 

concentrate contains most of the pollutants, meaning they are not destroyed, only 

concentrated. Dealing with this concentrate is often a problem in the waste management 

sector. Drinking water utilities using membrane filtration usually discharge the 

concentrate untreated into the surface water. Another drawback is membrane fouling, 

which results in a lower flux, and eventually in wearing out of the membrane due to 

excessive cleaning. This means they have to replaced after a certain operational period. 

Membranes for drinking water production have an average life span of 5 – 7 years. 

(Verliefde et al., 2011) 

Even though there are some drawbacks, and not all contaminants are removed, 

membranes are used in drinking water treatment, particularly in the more recently built 

plants. In these drinking water production processes, one uses MF/UF to remove 

suspended solids, and NF/RO for further removal of solutes. As a final step, disinfectants 

are added to prevent microbial growth. Although not offering complete removal, the 

resulting drinking water quality is still better than that of conventional drinking water 

treatment using a series of processes like coagulation/flocculation, sedimentation, sand 

filtration, activated carbon adsorption and disinfection. (Verliefde et al., 2011) 

 

2.3.2. Oxidation 

Removal/breakdown of organic micro-pollutants by oxidation can also be achieved by 

oxidation with ozone (O3) or hydroxyl radicals (·OH). Sometimes, only ozone is used as 

the oxidator, but it can also be accompanied by an associated oxidation process. These 

associated oxidation processes are  called advanced oxidation processes (AOPs). The goal 
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of these AOPs is mainly the production of a high concentration in hydroxyl radicals (·OH), 

and this is achievable in several ways. Depending on the target molecule, either O3 or ·OH 

is the main oxidator, responsible for breakdown.  

AOPs used in practice for removal of OMPs are the combination of O3 with H2O2, the 

combination of O3 with ultraviolet (UV) light, the combination of H2O2 with UV or the 

Fenton process (Dejans, 2009b; PWN, 2012). 

The production of hydroxyl radicals in the combination O3/H2O2 occurs according to 

Equation (2.1.). 

                 O                 Eq. 2.1. 

The stoichiometric H2O2/O3 ratio can be altered, according to which compound is more of 

interest. For optimal production of hydroxyl radicals, a ratio of 0.5-1 g/g is used, while a 

ratio of 0.2 g/g is used in case an excess of ozone is wanted for e.g. disinfection purposes 

(Dejans, 2009b). 

The combination UV/O3 uses an extra reaction step in the production of hydroxyl radicals. 

First ozone is converted to hydrogen peroxide according to Equation (2.2.), then hydroxyl 

radicals are formed according to the above Equation (2.1.). 

           
  
                    Eq. 2.2. 

Two other AOPs which do not use ozone to produce hydroxyl radicals are the UV/H2O2 

combination, and the Fenton process (Fe2+/H2O2). 

The UV/ H2O2 combination produces ·OH radicals according to Equation (2.3.).  

    

  
      O          Eq. 2.3. 

The Fenton process is based on the radical production from bivalent iron (Equation (2.4.)). 

This reaction however is not often used in drinking water production, because of the very 

low pH of 3-3.5 that is necessary to maintain the reaction. This process can sometimes be 

encountered in drinking water production facilities using groundwater as the source for 

drinking water. 

 e
  

     O     e
  

  O 
-
   O        Eq. 2.4. 
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For OMPs, mostly the UV/H2O2 combination is used, although there are some exceptions. 

Degradation of polyaromatic hydrocarbons (PAHs) is mainly due to reaction with 

molecular ozone, therefore no AOP process should be used in this case. On the other 

hand, oxidation of chlorobenzenes, polychlorinated biphenyls (PCBs), and pesticides have 

a better reaction yield when using an AOP process, using hydroxyl radicals as the main 

oxidators (Camel, Bermond, 1998). 

A drawback of ozonation or oxidation using an AOP is the formation of byproducts. This is 

because the oxidator reacts with not only the target compound but with nearly every 

organic compound. Sometimes, these byproducts can even be more toxic than the OMPs 

originally present. 

- By ozonation or oxidation using an AOP of non-biodegradable organic molecules (e.g. 

humic substances), these compounds are broken down into smaller molecules like 

formaldehyde, acetaldehyde, glyoxal, formic acid, acetic acid, glyoxylic acid… (Arai et 

al., 1986; Glaze et al., 1989; James et al., 1994; Westerhoff et al., 1995). These 

compounds are resistant towards ozone and thus not further oxidized to CO2 and H2O 

in the case of ozonation. These smaller compounds are called assimilable organic 

carbon (AOC), meaning they are readily biodegradable. Therefore, an ozonation 

reactor is usually always followed by a granular activated carbon (GAC) filter, which 

has a biofilm on the carbon surface, removing the produced AOC. 

It is however important to remove humic substances before a possible disinfection 

with chlorination, because trihalomethanes are formed during chlorination of water 

containing humic substances (Camel, Bermond, 1998). 

- Bromate (BrO3
-) is a byproduct formed out of the bromide ion (Br-) when using ozone 

(O3) as the oxidator. Bromate is a potential carcinogen (Kurokawa et al., 1990; Miller, 

1993). In drinking water, the maximum concentration by Flemish law is currently 10 

µg/L (Waterloket Vlaanderen, 2002). This is also the recommended concentration by 

the World Health Organization (Gorchev, Ozolins, 1984). The use of AOPs instead of 

O3 on its own can limit the formation of bromate by reaction of the ·OH radicals with 

the bromated intermediates HOBr-/BrO (Von Gunten, Oliveras, 1997). Hereby, the Br- 

ion is formed. Bromate can also be removed after the oxidation step, by means of 

activated carbon adsorption (Joost et al., 1995; Siddiqui et al., 1995). For drinking 

water production, the oxidation process is always followed by GAC filter. 
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- Residual amounts of ozone or H2O2 are also removed using a GAC filter in sequence 

with the oxidation step. 

Oxidation thus produces a series of reaction byproducts, of which the exact composition 

and possible toxicity is generally unknown. The oxidation byproducts are usually more 

polar compounds, which are usually more hydrophilic, and thus less adsorbable on the 

apolar GAC (de Ridder et al., 2010; Rodriguez-Reinoso et al., 1992). The coupled GAC 

filter can remove part of these reaction byproducts, although undoubtedly, not every 

byproduct will be adsorbed or biodegraded in the GAC filter. Unknown oxidation 

byproducts may thus end up in the drinking water. Membrane technology on the other 

hand does not break down the OMPs, but concentrates them into the concentrate. 

Membrane filtration is however also not a foolproof barrier. Some trace amounts of OMPs 

can still be detected in the permeate. Membrane technology has the advantage that the 

OMPs that are not retained are known substances, while the oxidation byproducts are 

usually unknown compounds (Camel, Bermond, 1998; Dejans, 2009b). 

 

2.3.3. Adsorption on activated carbon 

Adsorption is currently the most used technique to remove OMPs from wastewater and 

drinking water (Dejans, 2009a). Different adsorbents can be used as adsorbent, e.g. silica 

(SiO2), activated alumina (Al2O3.H2O), zeolites, graphite, porous polymers,…. Activated 

carbon however is the most commonly used adsorbent, especially in water treatment. 

Due to the hydrophobic nature of carbon, it is an excellent medium to remove apolar 

(organic) compounds (Dejans, 2009a; Verliefde et al., 2011).  

Adsorption is the accumulation of dissolved solutes (e.g. pollutants) on the surface of a 

solid adsorbent. This accumulation occurs because the adsorbed state is energetically 

more favorable for the solute than the dissolved state. The sorption phenomena 

responsible for bonding of the solutes/adsorbates to the adsorbent are physisorption and 

chemisorption. 

In physisorption, weak Van der Waals forces are responsible for adsorption. Van der 

Waals forces are attractive or repulsive forces between the solutes and the activated 

carbon surface that are not due to chemical bonds or electrostatic interactions. They  

include dipole/dipole forces, dipole/induced dipole forces and London (instantaneous 

induced dipole/induced dipole) forces, and naturally occur for all entities approaching 
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each other, however they are relatively weak in nature. Because of these weak forces, 

physisorption is usually a reversible process, and thus mostly a balance between sorption 

and desorption, and is dependent on the temperature and concentration of the 

adsorbates. In chemisorption, chemical bonds are formed between the adsorbent and the 

solute/adsorbate. This results in a strong attractive force which cannot easily be 

countered, which means that chemisorption is essentially a non-reversible process. 

Chemisorption is also temperature dependent. Due to the need of a chemical bond in 

chemisorption, only one layer of solutes can attach onto the adsorbent (monolayer 

adsorption). In physisorption, however, multilayer adsorption is possible (i.e., solutes 

adhering onto already sorbed solutes (Achife, Ibemesi, 1989)). 

Both adsorption processes are exothermic and are temperature dependent as follows. 

Physisorption is characterized by a low activation energy and is therefore readily occurring 

at low temperatures. Physisorption decreases with an increasing temperature due to the 

exothermic process. Chemisorption on the other hand is characterized by a high activation 

energy barrier, and therefore occurs slowly at low temperatures. The rate of 

chemisorption increases with an increase in temperature up to a certain limit, after which 

it starts decreasing again, due to the exothermic process. At high temperatures, mainly 

chemisorption is observed, while in practice, at normal operational temperatures, both 

processes take place simultaneously (Achife, Ibemesi, 1989; AdiChemistry, 2012). 

Good adsorbents typically have a high specific surface area (SSA), i.e., a high amount of 

surface area available per volume or mass of adsorbent. In the case of activated carbon 

(AC), the SSA can be up to 1 400 m²/g (Verliefde et al., 2011) or even higher in terms of 

BET (Brunauer, Emmett, Teller) surface area. BET surface area is measured as the 

surface area available for N2 monolayer adsorption (Dejans, 2009a). The high specific 

surface area of activated carbon is mainly established due to the high porosity of the 

carbon, which appear in the carbon due to the activation process. Activated carbon can 

be produced physically or chemically.  

In the physical production process, raw material such as wood, coconut shells or coal, is 

first carbonized in an oxygen-free environment at a temperature of approximately 600 – 

900 °C, where volatile organic compounds are removed from the carbon. It is possible 

that some breakdown products and tar are produced during the carbonization process. 

After this process, the carbon is activated using an oxidizer (steam, CO2 or O2) at a 

temperature in the 600 – 1200 °C range, in which the breakdown products are removed, 
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and  the actual pores are formed by removing part of the carbon. The concentration of 

the oxidizer, operating temperature, activation time and the raw material are influencing 

the pore properties of the carbon. (Activated Carbon Technologies, 2012; Dabrowski et al., 

2005; Dejans, 2009a) 

In the chemical production process, acids, bases or salts with strong dehydration 

properties (e.g. ZnCl2, or CaCl2) are impregnated on the raw material, which is 

subsequently heated up to 450 – 900 °C for carbonization of the raw material (by 

pyrolysis). The chemical activation occurs simultaneously with the carbonization process. 

After the carbonization/activation, the chemical solution is washed out of the carbon. 

Chemically activated carbon is usually less hydrophobic than steam activated carbon, 

making it an interesting adsorbent for more polar compounds.  

The pores of the carbon can be differentiate into micropores, mesopores and macropores. 

The ratio of these pore sizes with respect to each other is dependent on the raw material 

used to produce the activated carbon and the activation process. The international union 

of pure and applied chemistry (IUPAC) defines pore sizes for the different types of pores 

as follows (McNaught et al., 1997): primary micropores typically have a diameter smaller 

than 0.8 nm, secondary micropores have a diameter in between 0.8 and 2 nm. The 

chemical activation process usually results in activated carbons with large pores, whereas 

steam activated carbon usually has a higher share in the smaller micropores, however 

when long activation times are used, the micropores may shift towards mesopores due to 

a continuous burn-off of carbon (Activated Carbon Technologies, 2012; Dabrowski et al., 

2005; Dejans, 2009a). What is important is that the micro- and mesopore SSA typically 

accounts for 95% of the total SSA. Therefore, these pores will mainly determine the 

adsorption capacity for organic solutes, which indicates that solutes need to diffuse into 

the carbon to be able to adsorb. Mesopores have a diameter in between 2 nm and 50 nm, 

and macropores have a diameter greater than 50 nm. Macropores are responsible for 

providing accessibility of the solutes to the micro- and mesopores (Dejans, 2009a). Figure 

2.4. gives a graphical representation of the inner structure of activated carbon, with 

adsorption of small and large solutes in the pores. 



 
17 

 

Figure 2.4.: Inner structure of activated carbon 

After the carbon has been in contact with adsorbing solutes for a certain period of time, 

the surface area of the activated carbon can become saturated with solutes, which means 

that no more free adsorption places are available. At this point, the saturated activated 

carbon cannot take up any more solutes (at a fixed solute feed concentration), and must 

be replaced by new AC, or regeneration must take place. 

There are different types and forms of activated carbon available. This largely depends on 

the source material for the carbon, and the typical grain size that is used. When speaking 

about grain size, powdered activated carbon (PAC) and granular activated carbon (GAC) 

are the most used sizes of carbon grains used in water treatment. PAC consists of carbon 

particles with a diameter typically between 5 and 100 µm. PAC is therefore usually added 

directly to a water stream, after which it is removed by either sedimentation or filtration. 

PAC cannot be used in a reactor vessel, because of a too high pressure loss. Since PAC is 

dosed directly to the water, each water “package” is always in contact with the same 

carbon. As a result, removal of the solutes can only occur up to a certain “equilibrium” 

concentration, where the solute effluent concentration is in equilibrium with the amount 

of solute already adsorbed on the carbon. GAC grains are usually in the 0.24 - 4 mm 

range. These larger particles will not be flushed out easily, and can thus be used in a 

reactor vessel, in which the wastewater stream is continuously filtered over the GAC bed. 

Because in a GAC bed, the water usually flows over different layers of carbon, solute 

removal is usually complete at the bottom of the column, as long as the carbon is not 
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saturated. Saturation in a carbon column is usually characterized by a mass transfer zone 

(MTZ), which is the zone where adsorption is actively taking place. This MTZ usually 

moves downward through the column over time, in the same direction of the water flow. 

The carbon which is located above the MTZ is fully loaded with solutes (and thus 

completely saturated), below the MTZ, the carbon is still fairly fresh (Dejans, 2009a; 

Verliefde et al., 2011). 

 

2.3.3.1. Factors influencing activated carbon adsorption of organic micro-

pollutants 

2.3.3.1.1. Carbon properties 

Activated carbon properties that affect the adsorption process are the pore texture, 

surface chemistry and the mineral matter content of the activated carbon. (Dabrowski et 

al., 2005; Moreno-Castilla, 2004; Radovic et al., 2001) 

The pore texture determines whether a solute with a specific molecular size can 

sufficiently access the inner surface of the adsorbent, enlarging the adsorption capacity 

for a specific solute. Small micro-pollutants will need to be able to access the small 

micropores, whereas larger molecules like natural organic matter will adsorb in the larger 

mesopores. (Moreno-Castilla, 2004) 

The surface chemistry of the activated carbon depends mainly on the presence of 

oxygenated functional groups (as a result of the activation process and/or adsorption 

from ions from solution). The amount of ions adsorbed and the dissociation behavior of 

the functional groups (depending on the pH of the solution), will largely affect the surface 

charge of the activated carbon. The pH at which the total surface charge is neutral, is 

defined as the point of zero charge (pHPZC). If the pH of the solution is greater than the 

pHPZC, then the activated carbon surface will have a negative net charge, below the pHPZC, 

the surface will have a positive net charge. Besides charge effects, the surface chemistry 

also affects the hydrophobicity of the activated carbon surface. An increasing oxygen 

content of the activated carbon surface usually creates a more polar surface, and thus 

decreases the hydrophobicity. In theory, this should result in a lower affinity for 

hydrophobic solutes. Thirdly, the surface chemistry also affects the electronic density of 

the activated carbon, influencing the dispersive Van der Waals forces between the carbon 

and the solutes. Carboxyl groups at the edges of a carbon layer can withdraw electrons 
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from the activated carbon plane, while phenolic surface groups release electrons into the 

activated carbon plane, affecting the London-Van der Waals forces between solute and 

carbon surface. (Coughlin, Ezra, 1968; Moreno-Castilla, 2004; Radovic et al., 2001) 

A high mineral matter content of the activated carbon has a detrimental effect on the 

adsorption process, because the hydrophilic minerals have a high affinity for water 

molecules. In addition, minerals present can block smaller micropores, reducing the total 

SSA of the activated carbon. (Moreno-Castilla, 2004) 

2.3.3.1.2. Solute properties 

Some solute properties that affect the adsorption of organic pollutants are the molecular 

size, solubility, hydrophobicity pKa and any functional groups if present. (Dabrowski et al., 

2005; Moreno-Castilla, 2004; Radovic et al., 2001; de Ridder et al., 2010) 

The molecular size of the solute defines in which pores the solute can enter, providing no 

pore blocking occurs. (Moreno-Castilla, 2004) 

The solubility is more or less connected to the hydrophobicity of the solutes. Water 

soluble compounds are usually hydrophilic, while hydrophobic solutes are often weakly 

soluble in water. Thus, compounds which are highly soluble in water are generally less 

adsorbable than compounds which are weakly soluble in water. 

The pKa of a solute determines, together with the solution pH, whether a solute is 

dissociated (and thus charged) or non-dissociated (neutral). This influences the 

adsorption due to electrostatic interactions of the charged solutes with the charged 

functional groups on the activated carbon surface, either in a positive way (attraction) or 

negative way (repulsion, identical charges) (Dabrowski et al., 2005; Moreno-Castilla, 2004; 

de Ridder et al., 2010). Another parameter influencing the adsorption due to electrostatic 

interactions is the ionic strength of the solution. The electrostatic forces (repulsion or 

attraction) can be decreased by increasing the ionic strength, which reduces the thickness 

of the electrical double layer present on the activated carbon surface. When salt is added 

to a repulsive solute/carbon system, the adsorption capacity increases. When on the other 

hand the ionic strength is increased in an attractive solute/carbon system, the adsorption 

capacity will decrease. (Moreno-Castilla, 2004; Radovic et al., 2001) 
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The functional groups of the solute determine, as with the carbon surface chemistry, the 

dispersive Van der Waals forces, as well as the other non-electrostatic interactions such 

as dielectric effects and possibilities for hydrogen bonding. Carboxyl groups can withdraw 

electrons, while phenolic groups release electrons, influencing the dispersive Van der 

Waals forces between the solute and carbon surface. (Moreno-Castilla, 2004; Radovic et 

al., 2001) 

2.3.3.1.3. Competition and pore blocking 

In drinking and waste water treatment, organic micro-pollutants such as pharmaceuticals 

are usually present in low concentrations (ng/L to µg/L), but the source water almost 

always also contains natural organic matter (NOM), which is organic matter entering the 

water phase, amongst others due to die-off of animals and plants. The concentration of 

NOM in surface and waste water, is usually much higher (several mg/L, so thus often 3 

orders of magnitude or more higher) than the OMP concentrations. As such, NOM will 

have a large effect on the adsorption ability of OMPs onto activated carbon. NOM 

molecules can affect adsorption of OMPs via two mechanisms, being site competition and 

pore blocking. The exact mechanisms depend on the molecular size of the NOM present. 

(Carter, Weber, 1994; Kilduff et al., 1998a,  1998b; Li et al., 2003b; Newcombe et al., 

1997; Quinlivan et al., 2005; de Ridder et al., 2011) 

Small NOM molecules (i.e., mostly small organic acids and neutrals) with a similar or 

slightly larger size as the target OMPs can enter the same pores of the activated carbon 

(in term of pore size) as the OMPs. In these pores, the NOM molecules can directly 

compete with the OMPs for freely available adsorption places, hereby reducing the total 

number of available adsorption sites, and thus the adsorption capacity for the OMPs. 

Since adsorption is largely driven by concentration differences, the driving force for 

adsorption of NOM molecules present in mg/L is much higher than for the OMPs. This 

mechanism is known as site competition. (Carter et al., 1992; Ding, 2010) 

Large NOM molecules, on the other hand, are responsible for a phenomenon called pore 

blocking: larger NOM molecules cannot enter the same pore sizes as the smaller OMPs 

due to their larger size. However, the larger molecules can (partially) block the entrance 

to those smaller pores via the larger pores. This occurs mainly when the large pores are 

already saturated with larger NOM molecules, forcing the NOM molecules to migrate 

deeper into the carbon, towards the smaller mesopores and micropores, which then 

become (partially) blocked (Li et al., 2003a; Pelekani, Snoeyink, 2001). Complete blocking 
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of pores has a detrimental effect on the adsorption capacity of the AC. In addition, if the 

pores are not completely blocked off but rather constricted, this pore blocking effect 

reduces the diffusive transport of the OMPs towards the smaller pores, and thus also 

reduces the adsorption kinetics of the smaller OMPs. The reduced adsorption kinetics can 

have a major effect on adsorption in AC reactors where the hydraulic retention time of the 

feed water is not big enough for adsorption equilibrium to be reached (Ding, 2010). In 

those reactors, pore blocking/constriction will result in a lower removal yield of OMPs. 

NOM adsorption mainly occurs in mesopores and the larger micropores, because the size 

of these pores is similar to the size of the NOM molecules. This ensures a large contact 

area between the NOM molecule and the pore, which gives the energetically most 

favorable state for adsorption (Newcombe et al., 1997; Pelekani, Snoeyink, 1999). 

Activated carbon types with a higher share of these pore sizes usually have a higher pore 

blocking contribution by NOM, influencing OMP adsorption. The molecular size of NOM 

that has the greatest potential for pore blocking, has been shown to be in the 200 – 700 

Dalton range (Carter, Weber, 1994; Ding, 2010; Kilduff et al., 1998a,  1998b; Li et al., 

2003b; Newcombe et al., 1997). This NOM fraction accounts for approximately 45% of 

the total TOC fraction of wastewater effluent or surface water (see Paragraph 4.2.1., 

Table 4.6.). It is however possible, that only a small portion of this fraction is actually 

responsible for the pore blocking. No consistent research in this aspect exists, however. 

2.3.3.1.4. Preloading 

In GAC columns, a phenomenon called ‘preloading’ is frequently encountered. This 

preloading phenomenon occurs due to the fact that larger NOM molecules usually have 

slower adsorption kinetics than OMPs (because of their lower diffusivity, although their 

concentration is higher), which results in a faster migration of unsorbed NOM molecules 

through the column. The NOM molecules thus encounter the lower fresh GAC faster than 

the smaller OMPs, which results in ample time for NOM to engage in pore blocking of the 

fresh pores of the lower carbon layers. Afterwards, the faster adsorbing (and thus slower 

migrating) OMPs are then passing through a preloaded filter, resulting in a lower removal 

efficiency (Carter, Weber, 1994; Kilduff et al., 1998a,  1998b; Li et al., 2003b; Newcombe 

et al., 1997). Removing this adverse preloading effect, e.g. by removing the NOM 

molecules from the water matrix, could significantly improve the adsorption of the target 

OMPs. 
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2.3.4. Dehalogenation 

As mentioned before in Paragraph 2.3.2., activated carbon adsorption is an excellent tool 

for removing hydrophobic solutes. The removal of hydrophilic (and thus often polar) 

solutes,  on the other hand, is often unsatisfactory (Derylo-Marczewska et al., 2008; de 

Ridder et al., 2009). The inherent flaw with oxidation followed by GAC filtration (which is 

the current state-of-the-art method to remove OMPs in installations employing oxidation) 

was already mentioned in Paragraph 2.3.2.: oxidation breaks down the OMPs into more 

polar byproducts, which makes the activated carbon adsorption less favorable. To 

improve adsorption behavior, in theory, it would be better if the double bonds would not 

be broken, and the polarity of the solutes could be reduced. Reduction of solutes instead 

of oxidation, would result in more hydrophobic properties and thus a better activated 

carbon adsorption behavior.  

Reduction has not been investigated in so much detail as oxidation to target organic 

micro-pollutants. Especially dehalogenation of OMPs, in which the polar halogen groups 

are removed, has been one of the mainly investigated reduction mechanisms (De Corte et 

al., 2011,  2012; Hennebel et al., 2010,  2012). 

Dehalogenation of diatrizoate and diclofenac, amongst others, has been proven to be 

possible using biologically produced nanoparticles of Pd(0) (bio-Pd) (Forrez et al., 2011; 

Gusseme et al., 2012; Hennebel et al., 2010; Windt et al., 2005). This bio-Pd can be 

found on the outer surface of the cell wall of the bacteria producing the nanoparticles, 

Shewanella oneidensis, see Figure 2.5.. Also simple electrochemical dechlorination has 

been successful (Mao et al., 2011), and chemically produced catalysts like Au(0), Pt(0), 

Pd(0) nanoparticles, or bimetallic Pd(0)/Au(0) have also shown to be successful for 

reduction of the OMPs (Bonet et al., 1999; Daniel, Astruc, 2004; Davie et al., 2006; 

Division, Livermore, 2000; Mizukoshi et al., 1997). 

 

Figure 2.5.: Bio-Pd, bacteria with Pd-nanoparticles (LabMET, 2012) 
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2.4. Objectives of this study 

This study consists of three different parts, all relating to adsorption of pharmaceuticals 

on activated carbon. 

The objective of the first part of the study is to relate pharmaceutical and carbon 

properties to the AC adsorption behavior of these pharmaceuticals (quantified by the 

carbon loading qe of the solute). Finding such a relation could open the way to predicting 

activated carbon adsorption, and thus removal efficiency of micro-pollutants. That would 

majorly improve design and operational issues encountered in GAC plants and open the 

route to “tuneable” AC properties for targeted OMP removal. This method is discussed in 

detail in Paragraph 3.1.. 

The second part deals with a problem often encountered with GAC in water treatment 

today: due to the presence of natural organic matter in both secondary wastewater 

effluent and drinking water sources, the AC adsorption of OMPs is negatively influenced. 

The activated carbon can have a smaller adsorption capacity for target organic micro-

pollutants due to competition and pore blocking, and the adsorption kinetics of the OMPs 

is reduced due to pore constriction. By removing the larger NOM molecules before the 

activated carbon filtration, it is expected that the adsorption capacity and kinetics for the 

smaller OMPs will greatly improve. The accompanied procedure to assess the effect of 

larger NOM molecules on adsorption of OMPs is discussed in detail in Paragraph 3.2.. 

The third part deals with the inherent flaw involved in AC adsorption of pharmaceuticals 

after using an oxidation step to break down the solutes. Most pharmaceuticals are already 

polar in nature, due to the presence of, amongst other, halogenated groups, while 

activated carbon is an apolar/hydrophobic sorbent. Activated carbon is still capable of 

removing polar compounds, although it is much better suited for apolar compounds. 

Therefore this third part is a preliminary study dealing with the adsorption difference 

between original (halogenated) pharmaceuticals, and their dehalogenated  products. The 

dehalogenated pharmaceuticals can be produced by catalytic reduction, e.g. with 

biologically produced Pd(0) nanoparticles or chemically produced catalysts, or 

electrochemical reduction. In this study, this experiment is limited to a comparison of the 

carbon loading qe of the halogenated compounds diatrizoate and diclofenac, and their 

dehalogenated forms 3,5-diacetamidobenzoate and 2-AnilinoPhenylAcetate respectively. 

For this method is referred to Paragraph 3.3.. 



 
24 

  



 
25 

3. MATERIALS AND METHODS 

3.1. Thermodynamic relation between adsorption and 

solute/carbon properties 

The goal of the first part of this thesis is to find a thermodynamic relation between the 

carbon loading qe, and the properties of the solutes (pharmaceuticals in this case), 

adsorbent (activated carbon), and solvent medium (water). More specifically, what will be 

checked is if there is a correlation between adsorption and interfacial interaction energy 

between the carbon and the solutes in the water phase. To determine the latter, solute, 

adsorbent and solvent properties are quantified by means of surface tension components 

(see Paragraph 3.1.2.). The carbon loading is calculated from adsorption isotherms (see 

Paragraph 3.1.3.3.). 

 

3.1.1. Theoretical background 

3.1.1.1. Interfacial energies 

In order to thermodynamically link the surface tension/surface energy to adsorption, it is 

desirable to begin with defining the thermodynamic basis of adhesion. The following is 

adopted from (Israelachvili, 1992). 

The work of adhesion     in a vacuum is defined as the change in free energy per unit 

area, to separate two different media from each other. This is represented in Figure 3.1.. 

 

Figure 3.1.: Work of adhesion in vacuum 

The work of cohesion     in a vacuum is analogous to the work of adhesion, but for the 

case of identical media. 
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The surface energy or surface tension  , is defined as the change in free energy when the 

surface area of a medium is increased by one unit of area (i.e., the work needed to build 

one unit of area of a certain surface). Creating one unit of surface area equals to 

separating two half-unit areas from contact (see Figure 3.2. for graphical representation 

of a solid surface and a liquid surface). For a single solid or liquid, this means that the 

surface energy or surface tension is equal to half of the work of cohesion. This is 

represented in Equation (3.1.), with    and     in mJ/m². 

 

Figure 3.2.: Work of cohesion in vacuum 

   
 

 
             Eq. 3.1. 

The interfacial energy or interfacial tension    , is defined as the change in free energy 

when the interfacial area (the common boundary) of two immiscible liquids (or a liquid 

and a solid, or two solids) which are in contact is expanded with one unit of area. This 

expansion for solid and liquid surfaces and the thermodynamics behind it are shown in 

Figure 3.3., by splitting the process into two steps.  

 

Figure 3.3.: Interfacial energy or interfacial tension 

In the case for a liquid-liquid interface, firstly one-unit areas of both the media are 

created (resulting in a required energy         +        ), and then the two media are 

brought into contact (resulting in an energy gain equal to the work of adhesion    ). As 
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such, the total change of free energy, or the interfacial tension    , when the two phases 

are brought in contact, is given by Equation (3.2.). 

    
 

 
    

 

 
                       Eq. 3.2. 

The same equation holds for solid-liquid and solid-solid interfaces. 

From the former, the work of adhesion in a three-phase system can also be derived. This 

is presented in Figure 3.4.. 

 

Figure 3.4.: Work of adhesion in a three-phase system 

The work of adhesion in a three phase system is equal to the energy needed to separate 

phase 1 and phase 2 in the liquid phase (phase 3). This energy exists out of several 

contributions: firstly, to separate phase 1 and 2, the interfacial area between the two 

needs to be separated (resulting in a required work of adhesion    ). At the same time, 

there is energy required to overcome the cohesion in phase 3 (i.e., the work of cohesion 

   ). This required work is however partly compensated by the energy obtained from 

bringing phase 1 and 3 and phase 2 and 3, respectively, in contact. 

As such, Equation (3.3.) gives the change in free energy for separating two media 1 and 2 

in a third medium.      is positive in case there is attraction between medium 1 and 2 

(i.e., work is needed to separate medium 1 and 2), or negative in case there is repulsion 

between medium 1 and 2 (i.e, no work is needed an medium 1 and 2 separate easily). 

                                     Eq 3.3. 
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3.1.1.2. Thermodynamic approach of adsorption 

The thermodynamic basics outlined above, can now also be used to describe adsorption 

in a 3-phase system (solvent/solutes/solids), which is the situation which occurs for 

adsorption of OMPs on carbon in water. The adsorption, and thus the work of adhesion, 

depend on four different interactions (see Equation (3.3.)): the solute-water interaction, 

the carbon-water interaction, the solute-carbon interaction and the water cohesion.  

Thermodynamically, this can be represented by Equation (3.4.) (Israelachvili, 1992), and 

graphically in Figure 3.5..  

                           Eq. 3.4. 

 

Figure 3.5.: Work of adhesion for activated carbon adsorption 

In Eq. (3.4.), the subscripts S, C and W represent solute, carbon, and water respectively. 

     represents the work of adhesion of the solute to activated carbon in water, and     

represents the work required to separate two phases i and j, per unit area. All terms are 

expressed in mJ/m². (Israelachvili, 1992) 

The thermodynamic definition of surface tension has been presented in Paragraph 

3.1.1.1., however this entity is here explained again in a less abstract manner. The 

surface tension is a property of the surface of a medium that allows it to resist an external 

force. An everyday example is the ability of water striders to float on the water surface. 

This phenomenon is caused by cohesion of water molecules, which overcomes the 

pressure exerted on the water by the water strider. 
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(van Oss et al., 1988) refined Equation (3.3.) by splitting the surface energy per area (i.e., 

the surface tension) into three components: a dispersive component (also called the 

Lifshitz-Van der Waals component) ‘   ’, an electron-acceptor component ‘  ’, and an 

electron-donor component ‘     ’. These surface tension components exist for all three 

media involved: solvent (water), solutes (pharmaceuticals) and solids (activated carbon). 

The electron-acceptor and electron-donor terms can be expressed together as the polar 

part of the surface tension, called the “polar” or “acid/base” component ‘   ’, which is 

calculated according to Equation (3.5.). The sum of the apolar (Lifshitz-Van der Waals) 

and polar (acid/base) components results in the total surface tension (Equation (3.6.).) 

(van Oss, 2007). 

                    Eq. 3.5. 

                  Eq. 3.6. 

The reason to split  the surface tension into these two different components (in Eq. (3.6.)) 

is due to the very different nature and scale of the interactions they represent. The apolar 

Lifshitz-Van der Waals interaction represents the relatively long-range interactions due to 

dipole-dipole and induced-dipole interactions. This Van der Waals component is mainly 

attractive. The polar part of the surface tension, however, represents the remainder of 

the non-electrostatic interactions, ranging from dielectric to H-bonding. In contrast to the 

relatively long-range Van der Waals-interactions (noticeable up to a distance of 10 nm, 

before retardation sets in (Israelachvili, 1992)), polar interactions are more short-range, 

but can easily overwhelm the apolar interactions at this short range. 

 

3.1.1.3. Interfacial free energy of interaction in a three-phase system 

As shown above, the three surface tension components of the activated carbon (subscript 

C) and the three surface tension components of the pharmaceuticals (subscript S) can be 

used, together with the three surface tension components of water (subscript W), to 

calculate the Gibbs free energy of interaction of these three phases, which should relate 

to the energy that is needed or released when solute S sorbs onto carbon C in the water 

phase W. The work of adhesion is equal to the decrease of Gibbs free energy of 

interaction for forming an interface of one unit area (de Gennes et al., 2004; Mittal, 2000). 
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The Gibbs free energy of interaction can be calculated by Equation (3.7.) (van Oss, 2002). 

The minus sign in front of the work of adhesion indicates that energy is released when 

two media are adsorbed (instead of separated). 

                  
    

      
    

      
    

     
      

      
     

  

   
      

      
     

     
      

   
     

   
      Eq. 3.7. 

The goal of this thesis is to assess whether the change in interfacial free energy       

can be directly related to the activated carbon adsorption isotherms, represented by a 

loading at a certain effluent concentration. Such a relationship would provide an optimal 

way of predicting solute adsorption behavior a priori. 

In order to calculate the change in free energy when adsorption in a three-phase system 

occurs, it is necessary to know the different contributions of the different parts of the 

surface tension on this energy, since interfacial energy is related to the surface tension 

(and thus the surface tension components) of all the different media. If these components 

are not known, they need to be experimentally determined. For water, these surface 

tension components are known from literature. 

 

3.1.2. Surface tension components determination 

3.1.2.1. Pharmaceuticals 

For the determination of the surface tension components for the pharmaceuticals, the 

following approach was used: the work of adhesion between two phases is given by the 

following Dupré equation (Equation (3.8.)), in the case of a solid (S) and a liquid (L). As 

can be seen, the work of adhesion is directly related to the surface tension components of 

the phases interacting. In this equation, a solid can also represent condensed-phase 

molecules (van Oss, 2007). 

                
    

      
   

     
   

       Eq. 3.8. 

However, since      can not be determined directly, it needs to be related to easy-to-

measure properties. Therefore, the following  Young equation (Equation (3.9.)) (van Oss, 
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2007) can be used, which relates the change in free energy      to the contact angle 

formed by the liquid L on the solid surface S. 

                        Eq. 3.9. 

In Equation (3.9.),    is the total surface tension of the liquid, and   the measured 

contact angle made by a liquid of choice on a solid. 

Combining Eq. (3.8.) and Eq. (3.9.) results in the Young-Dupré equation, which combines 

contact angles with the surface tension components (Equation (3.10.)). 

                 
    

      
   

     
   

       Eq. 3.10. 

 

For a pharmaceutical with unknown surface tension properties, the surface tension 

components can thus be determined from Eq. (3.10.). This is done by measuring the 

contact angle   between three different liquids and the pharmaceutical surface, given that 

the total surface tension    as well as the three components   
  ,   

 ,   
  of these three 

probe liquids are known (or can be found in the literature). Three well-known probe 

liquids for such measurements are glycerol, diiodomethane and water. The properties of 

these liquids are presented in Table 3.1. (van Oss, 2006). 

Table 3.1.: Properties of the probe liquids for contact angle measurements 

Liquid 

Stokes 

diameter 
(Å) 

MW 

(g/mol) 

γ γLW γAB γ+ γ- 

(mJ/m2) 

Water 1.5 18 72.8 21.8 51 25.5 25.5 

Glycerol 2.82 92.09 64 34 30 3.92 57.4 

Diiodomethane 2.78 267.83 50.8 50.8 0 0 0 

 

For the contact angle measurements, it is necessary that a flat surface of the 

pharmaceuticals is available. This can be done by making compressed thin plates of 

pharmaceutical powders. The powders were compressed using a specially designed mould 

(see Figure 3.6.) and a hydraulic laboratory press (Carver, model B). The pressure 

exerted to compress the pellets was ~ 1350 bar and this pressure was maintained for 30 

minutes. 



 
32 

 

Figure 3.6.: Pharmaceutical powder compressed into a plate 

The contact angles were measured using a Krüss goniometer, model DSA10-MK2, 

equipped with the software DropShape Analysis version 1.80.0.2 to determine the contact 

angle. To determine the contact angle between the probe liquids and the pharmaceutical 

plates, a fresh plate of each pharmaceutical was used per probe liquid, and contact angle 

measurements for each probe liquid were repeated at least 5-10 times. The average was 

taken as the final contact angle and the standard deviation determined based on this. 

With the measured contact angles of the three probe liquids, the resulting set of 

equations (Eq. (3.10.)) needs to be solved in function of   
  ,   

  and   
  to determine the 

pharmaceutical surface tension components. 

 

 

 

 

 



 
33 

3.1.2.2. Activated carbon 

In order to determine interfacial free energy between the pharmaceuticals and carbon in 

a water phase, the surface tension components of the carbon need to be known as well. 

However, for activated carbon, contact angle measurements are more difficult, and 

making compressed plates is not possible due to the nature of the materials. Therefore, 

for the activated carbons, a different approach was followed:  immersion calorimetry was 

used to determine the surface tension components. Immersion is defined by the creation 

of a solid-liquid interface from a pure solid surface, and a pure liquid surface. As in every 

thermodynamic process, also in immersion there is a change in Gibbs free energy, which 

is registered as a heat exchange. This heat exchange can be measured, and related to the 

change in Gibbs free energy, which in turn can be related to the surface tension 

components of the carbon and the liquid by Equation (3.11.) (Haouzi et al., 2007).  

            
           Eq. 3.11. 

Here,       is the change in Gibbs free energy occurring during the immersion process. 

    is the solid-liquid interfacial tension, and   
  is the total surface tension of the solid (in 

equilibrium with its own vapor). 

The solid-liquid interfacial tension     is given by the Chaudhury-Good-Van Oss equation 

(Equation (3.12.) (Haouzi et al., 2007; van Oss, 2007)). 

      
           

    
      

   
     

   
       Eq. 3.12. 

Combining Eq. (3.11.) and Eq. (3.12.), Equation (3.13.) is obtained. 

                 
    

      
   

     
   

      Eq. 3.13. 

This equation gives a direct relationship between the change in Gibbs free energy due to 

immersion and the surface tension components of the carbon and the liquid it is 

immersed in. The change in Gibbs free energy can now be calculated from the measured 

heat exchange (i.e., the enthalpy of immersion (       )) when the carbon is immersed 

in the liquid, according to Equation (3.14.) (Douillard et al., 1995; Médout-Marère et al., 

1998).  

        
       

 
           Eq. 3.14. 



 
34 

where k is a constant, determined by Equation (3.15.). 

    
       

     
         Eq. 3.15. 

Determining the exact value of k is an old chemistry problem (Douillard et al., 1995). 

(Médout-Marère et al., 1998) found a 1/k value in between 0.4 and 0.53 (at 27 °C) for 

the interaction of various minerals and liquids (quartz, talc, chlorite, kaolinite and heptane, 

benzene, water), when ΔGSL was calculated from vapor adsorption isotherms, and Δ imm 

was obtained from immersion enthalpy measurements. They postulated that a value for 

1/k around 0.4 is a reasonable assumption for most materials when calculating ΔGSL from 

the enthalpy of immersion. (Chiang et al., 2002) found a 1/k value for various activated 

carbons ranging from 0.36 to 0.59, for the adsorption of benzene and methylethylketone. 

Both compounds had an average value of 0.45. (Douillard et al., 1995) assumed a 

constant value of 0.5. In the experiments and calculations in this thesis, the (Chiang et al., 

2002) value of 0.45 will be used. This assumption is a reasonable estimate, since it is 

based on interactions between solutes and activated carbons (rather than minerals). 

Combining Eq. (3.13.) and Eq. (3.14.) with 1/k having a value of 0.45, results in Equation 

(3.16.), 

                      
    

      
   

     
   

     Eq. 3.16. 

which directly relates the surface tension components of the carbon to the measured 

change in enthalpy upon immersion of the carbon in a liquid L. The change in enthalpy 

can be measured calorimetrically, and if the surface tension components of the liquid the 

carbon is immersed in are known, the surface tension components of the carbon can be 

determined, if the immersion calorimetry is repeated with 3 probe immersion liquids with 

known surface tension components (as for the pharmaceuticals). 
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Immersion calorimetry was carried out as follows: samples of activated carbon (0.1 – 0.2 

g) were placed in a glass ampoule and outgassed for 12 hours under 0.01 mbar at a 

temperature of 105 °C. After the outgassing process, the sealed ampoule was placed in 7 

ml of the selected probe liquid (water, cyclohexane or ethyleneglycol, for properties see 

Table 3.2.) and after equilibrium was reached, the submerged ampoule was broken while 

the change in temperature was recorded. An empty ampoule served as a blank for the 

enthalpy contribution of breaking the ampoule and vaporization of the liquid. 

Table 3.2.: Properties of the probe liquids for immersion calorimetry 

Liquid 
Stokes 

diameter 
(Å) 

MW 
(g/mol) 

γ γLW γAB γ+ γ- 

(mJ/m2) 

Water 1.5 18 72.8 21.8 51 25.5 25.5 

Cyclohexane 3.01 84.16 25.24 25.24 0 0 0 

Ethylene glycol 2.44 62.07 48 29 19 1.9 47 

 

At first, water, glycerol and diiodomethane were used for the determination of the 

enthalpy of immersion, however more consistent values of the enthalpy of immersion 

were obtained when using water with cyclohexane and ethylene glycol. This is due to the 

relatively high viscosity of glycerol, making a good distribution of the carbon upon 

breaking of the ampoule difficult. For diiodomethane, the reason for obtaining 

inconsistent immersion enthalpy values could not be elucidated. Equation (3.16.) was 

used to calculate the activated carbons surface tension components. 
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3.1.3. Adsorption experiments 

3.1.3.1. Pharmaceutical selection & analysis 

All the pharmaceuticals used were obtained from Sigma-Aldrich Chemie BV (Zwijndrecht, 

The Netherlands). Pharmaceuticals were obtained in powdered form and were at least 

reagent grade. Table 3.3. sums them up, along with their chemical properties. 

Table 3.3.: Chemical properties of the pharmaceuticals (Sources: pKa: Chemspider.com, 

MW & solubility: ChemID & Drugbank, Molecular surface: Hyperchem release 7.5, log D: 

ACD labs, 1predicted, 2estimated) 

Name 
pKa 

(charge) 
MW 

(g/mol) 
Molecular 

surface (Å2) 
Log D 
(pH 6) 

Solubility at 
25°C (mg/l) 

Atenolol 9.43 (+) 266 527 -2.25 13 300 
Metropolol 9.49 (+) 257 572 -0.87 16 900 

Lidocaine 8.0 (+) 234 436 1.13 4 100 
Lincomycin hydrochloride 7.7 (+) 407 578 -2.20 2 9301 

Trimethoprim 7.12 (+) 290 519 0.47 400 
Hydrochlorothiazide 7.9 (+) 298 374 -0.73 722 

Theophylline 8.8 (0) 180 339 -1.57 7 360 
Paracetamol 9.38 (0) 151 334 0.90 14 000 

Cyclophosphamide n/a (0) 261 422 -0.16 40 000 
Carbamazepine n/a (0) 236 426 2.26 17.7 
Sulfamethoxazole 5.7 (0) 253 435 0.70 610 

Gemfibrozil 4.45 (-) 250 515 2.80 27.81 

Naproxen 4.3 (-) 230 442 1.17 15.9 
Ketoprofen 4.45 (-) 254 483 1.53 51.0 
Ibuprofen 4.3 (-) 206 434 2.69 21.0 

Clofibric acid 4 (-) 214 392 0.45 5832 

 

After the adsorption isotherms (see further in Paragraph 3.1.3.3.) are carried out, the 

remaining pharmaceutical concentration in the effluent must be measured. 

Pharmaceutical concentrations were measured using ultrahigh performance liquid 

chromatography with electrospray ionization and tandem mass spectrometry detection 

(UPLC-ESI-MS/MS). A solid phase extraction (SPE) as a sample preparation step was 

necessary, to concentrate the pharmaceuticals. 

100 ml water samples to be analysed were taken and filtered over a 0.45 µm glassfiber 

filter. These samples were concentrated using Oasis, type HLB 30 µm/6 cc/200 mg SPE 

cartridges. After sorption, pharmaceuticals were eluated from the SPE colums with 8 ml 

methanol (Sigma-Aldrich, HPLC-grade). 8 ml methanol samples were further evaporated 
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to 100 µl residual, and subsequently analysed with UPLC-ESI-MS/MS at ‘ et 

WaterLaboratorium’ in  aarlem, The Netherlands.  

UPLC is a liquid chromatography method to separate mixtures, using a column packed 

with smaller particles than regular high performance liquid chromatography (HPLC). This 

results in a higher resolution (and thus better separation efficiency). The smaller packing 

in the UPLC column results in a higher pressure drop, and thus normally a slower velocity 

through the column. A higher pressure (1000 bar versus 250 bar in HPLC) is used to 

lower the retention times (Chromatographyonline, 2005). The pharmaceuticals are 

separated based on their affinity for the stationary phase (the packed column) and the 

mobile phase (the solvent). After separation in the UPLC column, the pharmaceuticals are 

ionized by means of electrospray ionization, and subsequently quantified by tandem mass 

spectrometry (MS/MS) (in a quadrupole-quadrupole configuration). A quadrupole analyzer 

separates ions according to their m/z ratio (mass to charge ratio) by using oscillating 

electric fields, through which the ionized molecules are forced (Demeestere, Van 

Langenhove, 2010; Sacher, Thomas, 2001). 

 

3.1.3.2. Carbon selection 

In this experiment, six activated carbons were investigated: HD4000, ROW 0.8 Supra and 

CN1 were obtained from Norit Nederland BV (Amersfoort, The Netherlands), AC1230C and 

UC830 were obtained from Siemens Water Technologies (Warrendale, USA), and Centaur 

HSL was obtained from Chemviron Carbon (Feluy, Belgium). These carbons are 

commercially available as granular activated carbon. For these experiments, they were 

ground to powder, using a disk mill (HSM100, Herzog). These carbons, with their 

characteristics, are presented in Table 3.4.. (de Ridder et al., 2012b) 

Table 3.4.: Properties of the activated carbons 

Activated carbon CN1 HD4000 
ROW 0.8 

Supra 
Centaur 

HSL 
AC1230C UC830 

Base material Wood Coal Peat RA-coal Coconut Coal 
BET surface (m2/g) 1256 729 1499 1339 1265 819 

pHpzc 6.8 (0/+) 8.1 (+) 10.4 (+) 8.5 (+) 9.8 (+) 8.8 (+) 
Oxygen surface 
density (µmol/m2) 

3.11 1.14 1.51 0.69 0.81 0.67 
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3.1.3.3. Adsorption isotherms 

In order to relate the free energy of interaction to adsorption of the OMPs, activated 

carbon isotherms are required to quantify the equilibrium adsorption loading. Activated 

carbon equilibrium isotherms are graphical representations of adsorption at constant 

temperature. A typical adsorption isotherm is obtained by  plotting the amount of solute 

that is adsorbed per unit mass of adsorbent as a function of the remaining effluent 

concentration at equilibrium. For this purpose, a series of single batch experiments is 

usually carried out, in which either the solute concentration or the adsorbate 

concentration are gradually changed. An isotherm equation is then fitted to the derived 

plot. There are several adsorption isotherm equations reported in the literature, but the 

Freundlich isotherm is one of the most widely used (Achife, Ibemesi, 1989). The 

Freundlich isotherm is an empirical relation, assuming that multilayer adsorption can take 

place, and is represented in Equation (3.17.). 

   
 

 
     

          Eq. 3.17. 

With X the amount of adsorbed adsorbate, m the mass of adsorbent, qe the adsorbate 

loading per unit adsorbent mass, Ce the effluent concentration and K and n the Freundlich 

constants. K represents the adsorption capacity, and n represents the adsorption intensity 

(Adamson, 1990; Kumar, Kirthika, 2009). 

3.1.3.3.1. Preliminary experiments 

Since the isotherm experiments are used to describe equilibrium adsorption, it is 

important to have a large enough experimental duration and thus contact time between 

solutes and carbon, so that complete adsorption equilibrium can be reached (i.e., until the 

rates of adsorption and desorption are equal). For this, a preliminary (kinetic) experiment 

is usually needed to determine at which point the solute concentration in the bulk does 

not change anymore, for a given feed concentration of solute. It is expected that, the 

higher the original feed concentration is, the faster the equilibrium is reached.  

a. Equilibrium time determination with atrazine 

The kinetic experiment to determine the time to reach adsorption equilibrium was carried 

out using atrazine as a model compound to mimic the other pharmaceutical compounds. 

Samples were taken after 24 hours, 48 hours and 72 hours. Equilibrium is reached when 
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the bulk concentration does not vary anymore in time. Atrazine was taken as model 

compound, because it is easy to analyze (see further). 

The kinetic experiment with atrazine was performed for only one of the six activated 

carbons used, being AC1230C. It was assumed that the time to reach  equilibrium would 

not significantly differ between different carbon types.  

The activated carbon concentrations used in the kinetic experiment were in the range of 

0.5 to 10 mg PAC/L, and atrazine was dosed in a concentration of 5 µg/L. The 5 µg/L is 

the same concentrations that was used in the actual pharmaceutical isotherms. A 

concentration of 5 µg/l was used, since it is still relatively close to environmentally 

relevant concentrations, but it is still possible to accurately determine solute 

concentrations, even if >99% removal is obtained. A blanc was also added as control. 

The isotherms were carried out in 2 liter bottles. 

b. Atrazine analysis 

After 24 hours, 48 hours and 72 hours, the atrazine samples were filtered over a 0.45 µm 

glassfiber filter and measured using an IBL atrazine ELISA measurement. This 

measurement is an enzyme-linked immunoassay, and is based on a coloring reaction. 

Triazine-enzyme-conjugate is added to the sample containing atrazine, after which the 

solution is transferred on a reaction plate. Here, both compounds (atrazine and triazine-

enzyme-conjugate) compete for binding sites of the antibodies on the plate. A washing 

step follows, and the colorizing reaction is obtained by adding a substrate solution. The 

intensity of the resulting blue color can subsequently be measured, at 450 nm, using a 

spectrophotometer, and is inversely proportional to the atrazine concentration in the 

sample. (IBL International GMBH, 2011) 

3.1.3.3.2. Pharmaceuticals isotherms 

The six activated carbon types (see Table 3.4.) were used in powdered form, with a 

varying concentration between 0.5 and 10 mg PAC/L. As with the atrazine test to 

determine equilibrium, 2 liter bottles were used and a blanc bottle was also added as 

control. 

The pharmaceuticals (see Table 3.3.) were added as a mixture in a concentration of 5 

µg/L at a pH of 6. It was expected that competition effects between the pharmaceuticals 

was negligible (de Ridder et al., 2011) at the concentration used. After equilibrium had 
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been reached, effluent samples were taken, and analyzed for the remaining 

pharmaceuticals concentrations (see Paragraph 3.1.3.1.).  

3.1.3.3.3. Carbon loading 

The carbon loading qe was the parameter to which the interfacial free energy change was 

correlated, because qe is specific for a single effluent concentration. This loading was 

calculated for a given effluent concentration of 1 nmol/L, since this concentration was in 

the range of all the pharmaceuticals, meaning no extrapolation was needed when 

calculating the carbon loadings. 

 

Finally, the change in interfacial free energy in the three-phase-system was calculated 

using Equation (3.7.), and was then plotted as a function of carbon loading (using the 

Freundlich equations derived from the isotherms) to see if a suitable relation between 

these parameters could be found for the different carbons and the different 

pharmaceuticals. The results of this are presented in Paragraph 4.1.4.. 
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3.2. Influence of preloading on adsorption of OMPs 

As mentioned in Paragraph 2.4., the goal of this experiment is to eliminate the malignant 

effect of the presence of natural organic matter on the removal of OMPs. The idea is to 

increase the adsorption capacity of the activated carbon, by removing the larger NOM 

molecules present in surface water/wastewater, and thus reducing competition and pore 

constriction/blocking effects. 

This experiment is carried out by removing different NOM fractions from different water 

types, followed by preloading of GAC with the different water types (with and without 

larger NOM fractions) up to identical NOM preloading, and finally carrying out adsorption 

isotherms with the different preloaded carbons. This way, the most influential NOM 

fraction affecting competition and pore constriction/blocking can be identified. 

The experiment exists of three subsequent stages: preloading of GAC with NOM, 

pharmaceutical adsorption isotherms, and quantification of remaining adsorption capacity 

of the GAC, in terms of a phenol number. The latter is done to find a better manner to 

determine remaining available surface for adsorption, compared to the traditional N2-BET 

adsorption (which requires drying of carbon). 

All three stages were carried out in batch series of 2 liter bottles. 

 

3.2.1. Isolation of different NOM fractions 

The activated carbon was preloaded with different water types containing different 

fractions of NOM molecules. Two main water types were used: surface water (collected 

from the Schie canal in Delft, The Netherlands) and wastewater effluent (collected from 

the secondary effluent tank in the Leiden-Noord WWTP in Leiden, The Netherlands). For 

both water types, three filtrations were carried out in order to obtain, in total, six water 

types that will be used to preload the activated carbon. 

The filtrations included a filtering over a 1 µm filter, and two membrane nanofiltration (NF) 

steps using NF membranes with an MWCO of 400 Da and 800 Da. The 1 µm filtrate was 

used as the feed water for the two membrane filtrations. The membranes were industrial 

crossflow membranes (SPIRA-CEL WY-NP-2440 Series) and were operated at a recovery 

(volumetric permate flow/volumetric feed flow) of 10 %. The permeate of these filtrations 
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was collected and used for the AC preloading with different NOM size fractions. This 

resulted in the following six water types: 

Wastewater 1 µm filtered, containing NOM molecules smaller than 1 µm 

Wastewater 800 Da filtered, containing NOM molecules smaller than 800 Da 

Wastewater 400 Da filtered, containing NOM molecules smaller than 400 Da 

Surface water 1 µm filtered 

Surface water 800 Da filtered 

Surface water 400 Da filtered 

NOM size fractions can be subdivided into large biopolymers (> 20 000 Da), humic 

substances (~ 1 000 Da), humic building blocks (300 – 500 Da) and organic acids of low 

molecular weight (< 350 Da) (HWL, 2011; Huber et al., 2011; Penru et al., 2011). A 

typical chromatogram for wastewater influent (upper line) and effluent (lower line) is 

presented in Figure 3.7. (HWL, 2011) 

 

Figure 3.7.: Example of the composition of natural organic matter in wastewater influent 

and effluent 
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Biopolymers generally do not affect adsorption of OMPs due to size exclusion effects (the 

biopolymers cannot even enter the large macropores) (Velten et al., 2011), however the 

NOM in the 200 – 700 Da range (building blocks and organic acids of low molecular 

weight) has been stated to be responsible for the majority of pore blocking/constriction 

(Carter, Weber, 1994; Ding, 2010; Kilduff et al., 1998a,  1998b; Li et al., 2003b; 

Newcombe et al., 1997). Furthermore, the pharmaceuticals were in the 150 – 300 Da 

range. NOM in this same size fraction was expected to show competition with the 

pharmaceuticals, since the NOM could have occupied adsorption places for the target 

pharmaceutical solutes during the preloading process. The carbon loading of the 

pharmaceuticals was thus expected to be lower than without preloading. 

The 1 µm filtered water contained all NOM size fractions, including the large biopolymers, 

humic substances, humic building blocks and organic acids of low molecular weight. When 

preloading all of these NOM size fractions onto activated carbon, the largest pore 

blocking/constriction effect can be expected, along with a reduced adsorption capacity for 

the target solutes. 

The 800 Da permeate contained the organic acids of low molecular weight and the humic 

building blocks. Here, still pore blocking/constriction can be expected along with a 

reduced adsorption capacity for the target solutes. 

The 400 Da permeate contained the organic acids of low molecular weight, and only a 

fraction of the building blocks. Since this water type only has NOM of the same molecular 

size fraction of the target pharmaceuticals, preloading of AC with this NOM is expected to 

show only a reduction in adsorption capacity for the OMPs. 

 

3.2.2. Preloading of carbon with different fractions 

The six water types were used to preload the activated carbon in a 1:2 (mg DOC : mg 

GAC) ratio. 

This ratio is based on practical conditions from a real drinking water plant (Waternet plant 

of Weesperkarspel, Amsterdam, The Netherlands). In the plant, a typical GAC filter can 

treat about 25 000 bedvolumes on average (which corresponds to 25 000 liters of water 

treated per liter of GAC), before breakthrough of organic micropollutants occurs. This 

corresponds to an operational time of approximately 0.5 years. Given a normal average 



 
44 

GAC density of 0.5 kg/L and an average dissolved organic carbon (DOC~NOM) 

concentration of 10 mg/L, one can quickly calculate that 250 mg of DOC has thus been in 

contact with 500 mg of GAC in this plant (however, this does not  necessarily mean that 

all 250 mg of DOC have adsorbed) before breakthrough occured. As such, the preloading 

experiment carried out is assumed to closely represent practice. 

The activated carbon type UC830 was used, in its granular form. Granular AC was used 

because pore blocking/constriction is a phenomenon occurring in activated carbon 

columns, over which the feed water is continuously pumped. In these columns, only GAC 

can be used (since PAC would result in a too high pressure drop). Also, PAC usually does 

not contain larger macropores. UC830 was chosen because this carbon has a suitable 

pore size distribution. The target OMPs and very small NOM fractions are expected to 

adsorb in the micropores, while the slightly larger NOM fractions (humic substances and 

larger humic building blocks) are expected to adsorb into the mesopores, blocking the 

micropores. The pore size distribution of UC830 consists of mainly micropores, with some 

mesopores (de Ridder et al., 2012b). Due to the combination of the target OMP size 

range, NOM size fractions and the pore size distribution, UC830 is expected to be affected 

by pore blocking/constriction. The GAC was sieved and the fraction 0.4 – 0.56 mm was 

used for the GAC isotherms.  

The preloading in the 1:2 mg DOC : mg GAC ratio was done by measuring the DOC value 

in the corresponding preloading water type, and adding the appropriate water volume to 

the GAC in each bottle. Preloading lasted for 5 days. It was expected that most of the 

adsorbable NOM would be adsorbed in this period of time, since the NOM concentrations 

in the preloading water types were in the mg/L order of magnitude. When necessary, the 

preloading volume was refreshed in order to obtain the correct 1:2 ratio, this was 

especially the case for low DOC concentrations in the 400 Da permeate and the higher 

GAC concentrations. The preloading water was removed from the GAC after the 5 day 

preloading time and refreshed. 

DOC was measured in terms of total organic carbon (TOC). The TOC concentration was 

comparable to the DOC concentration (organic carbon after 0.45 µm filtration), especially 

for the 400 Da permeate and the 800 Da permeate. A small error may have been made 

for the 1 µm filtrate, although this error was expected to be negligible. For the TOC 

analysis, the 680°C combustion catalytic oxidation method was used, in which the 

samples are heated up to 680 °C in an oxygen-rich environment with the presence of a 
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platinum catalyst. Here, the total carbon (organic carbon and inorganic carbon) is 

combusted and converted into carbon dioxide, which is cooled down and dehumidified, 

and detected using a non-dispersive infrared sensor. A second process is carried out to 

measure the inorganic carbon concentration: part of the sample is acidified to a pH lower 

than 3, and the inorganic carbon is subsequently sparged out of the sample. A 

measurement of this CO2 stream results in the inorganic carbon share in total carbon 

measurement. After subtracting the inorganic carbon from the total carbon, the TOC 

value is obtained. This was done using a Shimadzu TOC-V5000 analyser. 

 

3.2.3. Pharmaceutical isotherms 

For these pharmaceutical isotherms, both the GAC concentration and pharmaceutical 

concentration were varied. 

A first set of 6 bottles (including a blanc) with a varying GAC concentration between 1 and 

25 mg GAC/L was used, next to a second set of 3 bottles (including blanc) with GAC 

concentrations of 25 and 50 mg GAC/L. To the first set of 6 bottles, the pharmaceuticals 

were added as a mixture in a concentration of 5 µg/L in Milli-Q water, at a pH of 6. To the 

second set of 3 bottles, the pharmaceuticals were added in a concentration of 2.5 µg/L. 

Adding the pharmaceuticals in Milli-Q water eliminates competition effects due to the 

presence of NOM. This way, only the effect of pore blocking/constriction could be 

investigated. Varying both the GAC concentration and solute concentration was done to 

reduce the required preloading volume (of the highest GAC doses) and thus shorten the 

required preloading time of the experiment. Equilibrium was assumed to take place after 

4 weeks. This was based on previous experiments done with the same GAC size fraction. 

After equilibrium had been reached, 100 ml effluent samples were taken, and analyzed for 

the remaining pharmaceuticals concentrations (see Paragraph 3.1.3.1.). 

 

3.2.4. Phenol number to characterize remaining adsorption capacity 

The remaining adsorption capacity was determined by means of a phenol number, rather 

than a standard BET measurement. This was done because a BET measurement required 

drying of the carbon with subsequent N2 adsorption and desorption, which has the 

potential to adversely affect the adsorbed NOM and solutes and might result in erroneous 
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measurements. For phenol adsorption, no drying of the carbon is required. Furthermore, 

phenol is a compound which is easily analyzed by UV-VIS spectrophotometry. A suitable 

procedure to determine the phenol number was developed. 

In these experiments, a new procedure was developed to get an unbiased idea of 

remaining adsorption capacity of the carbon after preloading. The ‘phenol number’ for the 

different carbons was obtained by performing isotherm measurements with phenol as 

only solute, while saturating the activated carbon with phenol in order to occupy every 

remaining available adsorption place. When the carbon loading for the different carbon 

types as a function of phenol equilibrium concentration is plotted, the plateau value of qe 

resulting from the phenol isotherm is used to determine the phenol number, i.e., the 

maximum adsorbable amount of phenol and thus the maximum adsorption surface still 

available on the carbon. To develop this method, 6 bottles of 100 mL were used in which 

the GAC concentration was varied between 10 – 500 mg GAC/L while using a constant 

phenol starting concentration of 50 mg/L. These bottles were filled to the top, and the 

equilibrium phenol concentration was taken after 4 weeks of contact time with the GAC. 4 

additional 100 mL bottles with 50 mg GAC/L were used to determine the equilibrium time. 

These bottles were also filled to the top. Every week, the equilibrium phenol 

concentration was determined from one of these bottles. Another additional big bottle 

(500 mL) with a starting concentration of 500 mg/L phenol, and without GAC, was used 

to determine whether volatilization of phenol took place in this large bottle. Every week, 

the phenol concentration in this bottle would be determined. This check was needed since 

the bottles used in the experiment were 2 liter bottles, which would only be filled with 100 

mL phenol solution. 

It could be concluded that equilibrium for the lower GAC concentrations (and thus those 

that actually determine the final plateau qe loading) was reached after 2 weeks, and for 

the higher GAC concentrations equilibrium was reached after 4 weeks. Loss of phenol due 

to volatilization in the bottle was negligible. The starting phenol concentration was 50 

mg/L, this was the concentration on which the phenol number determination procedure 

was based on.  

Phenol was measured spectrophotometrically at a wavelength of 269 nm, using a Thermo 

scientific spectrophotometer (Genesys 6). 

Thus, the phenol number was determined by doing a 50 mg/L phenol isotherm on the 6 

isotherm series. After graphically obtaining the plateau qe values, the surface area 
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covered by phenol molecules was calculated according to Equation (3.18.). This value 

represents the phenol number (in m²/g), which in principle is similar to the specific BET 

surface area: a very commonly used parameter to quantify the available area for 

adsorption (see also Table 3.4.).  The phenol number can thus be used to compare the 

resulting adsorption capacity of the activated carbon after the different preloading 

regimes and subsequent pharmaceutical isotherms. 

                 

          

 
        

     
 

 
        

          
 
                   

                

          
      

  

               
   

      
  

                        
  

     
       Eq. 3.18. 

With MW phenol: 94.11 g/mol, Avogadro’s number: 6.02214129*1023 molecules/mol and 

CSA: contactable surface area phenol: 126  ²/phenol molecule (half of the molecular 

surface area was taken as representative for this area) (Hyperchem release 7.5). 
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3.3. Reduction with subsequent adsorption 

The third part involved a preliminary study towards adsorption differences between 

pharmaceuticals and their dehalogenated compounds to assess the influence of reduction 

prior to adsorption, instead of oxidation. In this experiment, adsorption isotherms of 

diatrizoate, diclofenac and their completely dehalogenated compounds, 3,5-

diacetamidobenzoate and 2-anilinophenylacetate, respectively, were constructed. 

 

3.3.1. Adsorption isotherms with original and dehalogenated 

components 

The activated carbon used was AC1230C in powdered form (see Table 3.4.). Two batch 

isotherms in 1 liter bottles were carried out: one containing a mix of diatrizoate and 3,5-

diacetamidobenzoate, the other containing a mix of diclofenac and 2-anilinophenylacetate. 

The pharmaceuticals and dehalogenated products were added in a concentration of 50 

µg/L, while the activated carbon concentration was varied between 0.5 and 20 mg/L. A 

blanc bottle was added as a control. 

Equilibrium was assumed to take place after 72 hours, based on the previous kinetic 

experiments done with atrazine (see Paragraph 4.1.3.1.). Samples were taken and the 

equilibrium concentrations were analyzed with UPLC-ESI-MS/MS. The carbon loading qe 

was calculated using Equation (3.17.) and the adsorption isotherm was constructed. 
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4. RESULTS AND DISCUSSION 

4.1. Thermodynamic relation between adsorption and 

solute/carbon properties 

4.1.1. Surface tension components 

4.1.1.1. Pharmaceuticals 

Contact angles of the three proble liquids water, glycerol and diiodomethane were 

measured on compressed plates of the complete the set of pharmaceuticals. Surface 

tension components were calculated using the measured contact angles (in radians) and 

the known surface tension components of the three liquids presented in Table 3.1., 

according to Equation (3.10.). Results are shown in Table 4.1.. 

Table 4.1.: Contact angles and surface tension components of the pharmaceuticals 

Name 
Θ (°) γS

LW γS
+ γS

- 

H2O CH3CH2OH CH2I2 (mJ/m²) 

Atenolol 61.0 ± 0.7 79.8 ± 0.7 46.0 ± 1.9 36.5 0.0 21.2 

Metropolol 14.8 ± 1.4 52.9 ± 2.0 19.5 ± 1.6 47.9 0.0 47.6 

Lidocaine 38.9 ± 1.6 65.9 ± 0.9 15.6 ± 2.1 49.0 0.0 33.5 

Lincomycin hydrochloride 12.3 ± 2.0 55.0 ± 0.3 32.2 ± 1.6 43.3 0.0 62.2 

Trimethoprim 57.1 ± 0.4 71.9 ± 1.4 28.1 ± 2.9 45.0 0.0 19.9 

Hydrochlorothiazide 48.7 ± 2.3 40.7 ± 0.4 12.7 ± 2.4 49.6 0.6 21.7 

Theophylline 31.3 ± 1.3 41.7 ± 3.6 12.4 ± 2.1 49.6 0.0 50.0 

Paracetamol 49.1 ± 1.4 59.9 ± 1.0 18.3 ± 2.4 48.3 0.0 27.8 

Cyclophosphamide 23.7 ± 1.6 56.6 ± 2.2 25.8 ± 0.6 45.9 0.0 52.2 

Carbamazepine 44.9 ± 0.4 47.1 ± 0.6 13.7 ± 1.0 49.4 0.1 31.1 

Sulfamethoxazole 63.7 ± 1.9 52.3 ± 1.7 14.9 ± 1.5 49.1 0.3 11.5 

Gemfibrozil 65.4 ± 1.6 49.5 ± 3.9 20.7 ± 1.7 47.6 0.8 8.6 

Naproxen 49.9 ± 1.8 61.2 ± 0.9 23.0 ± 0.9 46.8 0.0 28.0 

Ketoprofen 48.1 ± 2.1 50.8 ± 0.6 21.1 ± 1.1 47.5 0.0 30.3 

Ibuprofen 57.0 ± 2.3 72.0 ± 0.9 29.6 ± 0.9 44.4 0.0 20.4 

Clofibric acid 67.3 ± 0.5 61.8 ± 0.3 12.9 ± 1.0 43.6 0.0 13.8 

 

One can clearly see that of the two polar surface tension components, the electron-

acceptor component,   
 , equals 0 or is smaller than 1 for the whole set of 

pharmaceuticals. This is in accordance with what (van Oss, 2006) noted: “in the dry state, 
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virtually all dry solid surfaces of polar compounds are monopolar electron-donors, which 

manifest a sizeable   
  and a   

  which is either zero or very small”. All pharmaceuticals 

were in their dry state as a powder, before they were compressed into thin plates. It is 

further stated by (van Oss, 2006) that when a small   
  appears, it is practically always 

due to hydration or residual water molecules on the dry powder. This can explain the 

small   
  values for hydrochlorothiazide, sulfamethoxazole and gemfibrozil. 

Polar compounds that in their dried state have a distinct electron-donor surface tension 

component and an electron-acceptor surface tension component equal to 0 (or negligible), 

can show slightly different behavior and thus slightly different surface tension component 

values when in aqueous solution. The   
  value may thus increase, although the   

  will 

still be significantly larger than the   
  value (van Oss, 2006). The cause for polar solutes 

having only a   
  polar component in their dried state, lays in the fact that upon drying, 

the few   
  locations on the surface of the solute are neutralized by the much more 

abundant   
  surface locations. When the solute is completely dry, there remains only   

  

to be measured (Docoslis et al., 2000; van Oss, 2006). 

Despite the fact that the solutes cannot be measured in their dissolved state, and thus the 

  
  value can not be measured, this is not expected to play a too large role when 

determining interaction energies. Indeed, the fact that the   
  component will always be 

much larger than the   
  component is the most important. A small error may be made 

when calculating the interfacial free energy of interaction      , but this error is 

expected to be negligible. The main reason for this is that it is not known how much 

exactly these components may differ in dried and dissolved state, but it is expected that 

the differences between   
  and   

  components are proportional for the dried state and 

the dissolved state of the solute. In other words: one   
  location will be neutralized by 

one   
  location upon drying. Proportional changes in   

  and   
  components from the 

dried state to the dissolved state, will have no impact on the calculated interfacial free 

energy of interaction      . 
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4.1.1.2. Activated carbons 

Table 4.2. summarizes the immersion enthalpy values for the six carbons, along with their 

calculated surface tension components. 

Table 4.2.: Immersion enthalpy and surface tension components of the activated 

carbons 

Activated 
carbon 

ΔHimm (mJ/m2) γc
LW γc

+ γc
- 

Water Cyclohexane Ethylene glycol (mJ/m2) 

CN1 85.3 70.6 132.9 32.2 7.9 8.7 

HD4000 47.6 78.1 114.6 36.1 5.0 2.4 

ROW 0.8 Supra 40.3 78.4 95.5 36.3 2.3 3.7 

Centaur HSL 37.5 69.6 83.6 31.7 1.8 5.4 

AC1230C 35.3 84.2 103.1 39.5 2.9 1.6 

UC830 35.3 94.8 109.9 45.7 2.6 0.8 

 

Even though the electron-acceptor component   
  is expected to be much smaller than 

the   
  component, this seems not to be the case for the activated carbons. This can be 

explained by the fact that activated carbon is much more heterogeneous than solutes, 

having both acidic and basic locations on its surface (Moreno-Castilla, 2004). Furthermore, 

these carbons are reported to have acidic (electron-acceptor) functional groups and basic 

(electron-donor) functional groups that are in the same order of magnitude (de Ridder et 

al., 2012b). This supports the fact that these calculated   
  and   

  components being in 

the same order of magnitude. Also, the fact that    values should be much larger than    

values mainly holds for polar surfaces, whereas activated carbon is still mainly an apolar 

surface with an overwhelming contribution of non-polar sites. 
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4.1.2. Interfacial free energy of interaction 

The surface tension components of the pharmaceuticals, activated carbons and water 

(see Paragraph 4.1.1) were used to calculate the change in interfacial free energy       

when adsorption takes place, using Equation (3.7.), for the different pharmaceuticals. 

These results are given below in Table 4.3.. 

Table 4.3.: Interfacial free energy of interaction (1) 

Name 

ΔGSCW (mJ/m²) 

CN1 HD4000 
ROW 0.8 

Supra 
AC1230C UC830 

Centaur 
HSL 

Atenolol -0.1 -21.1 -24.5 -29.9 -35.6 -21.0 

Metropolol 21.4 -0.3 -3.7 -9.5 -16.1 0.5 

Lidocaine 10.0 -11.7 -15.1 -21.0 -27.7 -10.8 

Lincomycin hydrochloride 32.0 10.6 7.2 1.5 -4.8 11.1 

Trimethoprim -2.9 -24.3 -27.8 -33.4 -39.9 -23.7 

Hydrochlorothiazide -2.7 -21.2 -24.1 -29.3 -35.3 -20.2 

Theophylline 22.8 1.1 -2.3 -8.2 -14.9 2.0 

Paracetamol 4.9 -16.8 -20.2 -26.1 -32.7 -16.0 

Cyclophosphamide 24.9 3.4 -0.0 -5.8 -12.2 4.1 

Carbamazepine 7.4 -13.3 -16.6 -22.3 -28.7 -12.4 

Sulfamethoxazole -15.1 -34.7 -37.7 -43.2 -49.4 -33.7 

Gemfibrozil -20.0 -38.0 -40.8 -45.8 -51.6 -37.1 

Naproxen 5.3 -16.3 -19.7 -25.5 -32.1 -15.6 

Ketoprofen 7.1 -14.0 -17.3 -23.0 -29.4 -13.2 

Ibuprofen -2.2 -23.7 -27.1 -32.8 -39.2 -23.1 

Clofibric acid -10.5 -31.2 -34.5 -40.0 -46.2 -30.6 

 

In Table 4.3., the interfacial free energies of interaction are expressed as mJ/m². These 

energies indicate the interaction energy per m² contact area between a single molecule of 

a pharmaceutical and the activated carbon. In order to obtain the total free energy (in mJ) 

when one nmol/l of a pharmaceutical reacts with the activated carbon, the above values 

need to be multiplied with the contactable area between the pharmaceutical molecule and 

the carbon, and the amount of pharmaceutical molecules present. It is this value of the 

interaction energy which should relate to the carbon loading qe at an effluent 

concentration of 1 nmol/L. This is shown below in Equation (4.1.). 

                
  

      
  

    
                    Eq. 4.1. 
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With S: the surface area of the pharmaceutical in question (in m²) and C0: the initial 

concentration of the pharmaceutical in question (in µmol/L). 

This results in the following interfacial free energies of interaction, presented in Table 4.4.. 

Table 4.4.: Interfacial free energy of interaction (2) 

Name 

ΔGSCW (mJ) 

CN1 HD4000 
ROW 0.8 

Supra 
AC1230C UC830 

Centaur 
HSL 

Atenolol -3.0 -1226.9 -1428.7 -745.8 -2070.3 -1269.9 

Metropolol 516.7 -7.6 -89.1 -299.0 -385.9 12.8 

Lidocaine 226.7 -118.1 -347.8 -1174.9 -651.5 -251.5 

Lincomycin hydrochloride 787.5 349.2 198.0 71.4 -120.6 358.0 

Trimethoprim -117.7 -1318.5 -1354.6 -1428.8 -1722.9 -1216.1 

Hydrochlorothiazide -58.1 -462.1 -643.5 -824.9 -657.7 -602.6 

Theophylline 1199.5 64.7 -142.2 -717.6 -738.3 123.7 

Paracetamol 401.6 -1118.3 -1183.4 -2861.6 -1222.0 -1286.2 

Cyclophosphamide 1828.8 238.0 -0.2 -189.2 -820.9 284.6 

Carbamazepine 311.5 -639.2 -793.4 -1085.8 -1302.7 -585.9 

Sulfamethoxazole -452.2 -1047.3 -1434.3 -2319.1 -1376.5 -1794.0 

Gemfibrozil -490.1 -1685.9 -3937.3 
 

-617.9 -1648.2 

Naproxen 250.7 -1113.4 -1092.0 -2152.5 -1625.0 -1001.8 

Ketoprofen 358.2 -816.0 -1079.7 -1424.1 -1553.8 -818.9 

Ibuprofen -80.6 -1424.9 -2635.8 -3033.2 -1808.8 -1182.5 

Clofibric acid -636.2 -1282.2 -2483.8 -2725.5 -1694.6 -1867.4 

 

In Table 4.4., a positive       indicates thermodynamic repulsion at macro-scale of the 

solute and the carbon in the three-phase system, whereas a negative       value 

indicates attraction. It is expected that negative       values will be more related to 

good adsorption behavior and positive       values to less efficient adsorption. 

Adsorption is however not only driven by the interaction at macro-scale, but also by 

diffusion of the solutes into the micropores and also concentration differences. If the 

solutes are larger, diffusion into the pores will be slower, and chances are that the 

adsorption sites of interest will already be taken, even though the interaction energy is 

more favorable. Despite the fact that interaction energy is not the only parameter 

determining adsorption, a clear correlation with the carbon loading qe is expected. 

Most of the values of the interfacial free energies of interaction are negative. The 

activated carbon type CN1 however has the most positive values (9 out of 16 

pharmaceuticals have a positive      , and from all six carbon types, CN1 has the 
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highest (least negative)       values for the whole set of pharmaceuticals). UC830 on 

the other hand has nothing but negative       values. 8 pharmaceuticals have the lowest 

interfacial free energies of interaction for UC830, while 7 pharmaceuticals have AC1230C 

as the lowest      . It can thus be expected that the adsorption isotherms will show that 

the carbon loadings are the lowest for CN1, and the highest for UC830 and AC1230C. 

 

4.1.3. Activated carbon isotherms 

4.1.3.1. Equilibrium time determination 

The results of the kinetic experiment with atrazine (in order to determine the time to 

reach equilibrium concentration) are shown in Figure 4.1., where the carbon loading of 

atrazine is plotted in function of the time. 

 

Figure 4.1.: Kinetics of atrazine and AC1230C 

As can be seen from Figure 4.1., the carbon loading is still fluctuating after 24 hours of 

contact time, meaning the effluent concentration is still not in equilibrium. In order to be 

absolutely sure adsorption equilibrium was reached, it was concluded to run the future 

PAC isotherms for 72 hours. 
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4.1.3.2. Adsorption isotherms and loading 

Freundlich isotherms were determined for every solute, since these isotherms gave the 

best fit. The Freundlich constants are shown in Addendum 1.. 

Using these Freundlich constants, carbon loadings at an equilibrium/effluent concentration 

were calculated (see Table 4.5.). This was done for an equilibrium/effluent concentration 

of 1 nmol/L. This concentration is in the range of all the pharmaceuticals, thus no 

extrapolation will be needed when calculating the carbon loadings.  

Table 4.5.: Carbon loading of the pharmaceuticals 

Name 

qe (µmol/m²) @ Ce = 1 nmol/L 

CN1 HD4000 
ROW 0.8 

Supra 
AC1230C UC830 

Centaur 
HSL 

Atenolol 0.0046 0.0029 0.0047 0.0023 0.0039 0.0022 

Metropolol 0.0058 0.0048 0.0060 0.0053 0.0071 0.0038 

Lidocaine 0.0015 0.0018 0.0028 0.0065 0.0042 0.0020 

Lincomycin hydrochloride 0.0038 0.0024 0.0038 0.0045 0.0047 0.0036 

Trimethoprim 0.0113 0.0129 0.0188 0.0089 0.0193 0.0110 

Hydrochlorothiazide 0.0008 0.0053 0.0053 0.0054 0.0084 0.0060 

Theophylline 0.0013 0.0095 0.0074 0.0082 0.0117 0.0067 

Paracetamol 0.0017 0.0109 0.0030 0.0087 0.0064 0.0047 

Cyclophosphamide 0.0010 0.0052 0.0039 0.0031 0.0068 0.0037 

Carbamazepine 0.0031 0.0181 0.0125 0.0079 0.0202 0.0140 

Sulfamethoxazole 0.0015 0.0078 0.0073 0.0075 0.0118 0.0125 

Gemfibrozil 0.0040 0.0200 0.0276 
 

0.0103 0.0095 

Naproxen 0.0043 0.0362 0.0247 0.0184 
 

0.0206 

Ketoprofen 0.0040 0.0339 0.0274 0.0127 
 

0.0176 

Ibuprofen 0.0019 
 

0.0154 0.0183 0.0073 0.0083 

Clofibric acid 0.0006 0.0087 0.0085 0.0085 0.0106 0.0090 

 

From the carbon loadings determined, it is indeed clear that, as expected from the 

interaction energies, of 12 of the 16 pharmaceuticals the CN1 activated carbon type has 

the lowest carbon loading, meaning that overall, CN1 is the least performant in adsorbing 

this set of pharmaceuticals. UC830 on the other hand accounts for the most maxima in 

carbon loadings. This means that overall, UC830 is the best adsorbent for this set of 

pharmaceuticals. 
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4.1.4. Comparison of carbon loadings with interfacial free energy of 

interaction 

Although it is clear that interaction energy does say something about adsorption efficiency, 

it is essential to find out if there is really a clear correlation between calculated interaction 

energies and carbon loadings. Therefore, for every pharmaceutical and every carbon type, 

the carbon loadings from Table 4.5. were compared to the interfacial free energy of 

interaction (Table 4.4.) in Figure 4.2.. 

 

Figure 4.2.: Relationship between carbon loading and interfacial free energy of 

interaction 

Keeping in mind that (in Paragraph 4.1.3.2.) it could be concluded that CN1 is the least 

performing for these 16 pharmaceuticals, this can also be seen from Figure 4.2.: the CN1 

cloud can be found at the bottom-right of the plot. The higher (i.e., less negative or more 

positive) the      , the bigger the repulsion between solute-carbon in a water 

environment (meaning an inadequate adsorption), and the lower the carbon loading qe. 

The UC830 cloud on the other hand is leaning to the top-left part of the plot, indicating a 

good adsorption (and thus a high carbon loading), which is accompanied by a low 

(negative)      .  
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The relationship for every of the six different carbon types on its own is presented in 

Figure 4.3.. 

 

 

 

0 

0,002 

0,004 

0,006 

0,008 

0,01 

0,012 

-1000 -500 0 500 1000 1500 2000 

q
e
 [

µ
m

o
l/

m
²]

 @
 C

e
 =

 1
 n

m
o

l/
L 

ΔGSCW (mJ) 

CN1 

0 

0,005 

0,01 

0,015 

0,02 

0,025 

0,03 

0,035 

0,04 

-2000 -1500 -1000 -500 0 500 

q
e
 [

µ
m

o
l/

m
²]

 @
 C

e
 =

 1
 n

m
o

l/
L 

ΔGSCW (mJ) 

HD4000 

0 

0,005 

0,01 

0,015 

0,02 

0,025 

0,03 

-4500 -4000 -3500 -3000 -2500 -2000 -1500 -1000 -500 0 500 

q
e
 [

µ
m

o
l/

m
²]

 @
 C

e
 =

 1
 n

m
o

l/
L 

ΔGSCW (mJ) 

ROW 0.8 Supra 



 
58 

 

 

 

Figure 4.3.: Relationship between carbon loading and interfacial free energy of 

interaction, per activated carbon type 
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There is a clear negative correlation between qe and      , indicating that the higher the 

repulsion is (meaning a higher      ), the lower the carbon loading is. This trend, 

however, is not the same for each carbon type. Apparently, other carbon properties seem 

to have an effect on loading as well. One of the other factors influencing the carbon 

loading is the diffusion of the solutes into the carbon pores. The diffusion into the pores 

occurs slower for larger solutes than it does for smaller solutes, but also the pore 

structure of the carbon can have an effect on the diffusion. A complex structure which is 

(partially) obstructing the smaller micropores hampers the diffusion of solutes into the 

pores, thus lowering the carbon loading of the solutes. 

 

In the plots in Figure 4.4., the carbon loadings in function of the       are shown for 

every solute on its own for the different carbon types. 
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Figure 4.4.: Relationship between carbon loading and interfacial free energy of 

interaction, per pharmaceutical 

A very clear general trend is, again, visible for every solute: the carbon loading decreases 

with decreasing      . For some pharmaceuticals (lidocaine, theophylline, 

cyclophosphamide, gemfibrozil and ibuprofen), a good correlation coefficient is found. (R² 

ranging from 0.72 to 0.93). 

It is clear that the carbon loading is higher for the negatively charged solutes, than for 

the neutral and positively charged solutes. This can be explained by the surface charge of 

the activated carbons (see Table 3.4.): the surfaces of all the activated carbons are 

positively charged, thus attracting the negatively charged solutes, causing the higher 

loading. This effect is not incorporated in the       value: the interfacial free energy of 

interaction does not account for electrostatic interactions between solute and carbon 

surface. It is however clear that for all of the five neutral solutes, a distinct relationship is 

present between qe and      , proving the relationship is present.  
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Although in general, positively charged pharmaceuticals adsorb less, still for four of the 

positively charged pharmaceuticals, the CN1 loading is relatively high. One possible 

explanation for this could be the surface charge of CN1, being the least positive of all 6 

carbons (see Table 3.4.). Since the CN1 charge is the lowest, less charge repulsion is 

expected between the positively charged solutes and this carbon, leading to higher 

loadings.  

 

The relationship between loading and       is different for the 16 pharmaceuticals. One 

possible explanation is again in the different diffusion coefficient of the solutes (due to the 

differences in molecular size), combined with differences in the pore structure of the 

activated carbons. Another explanation lies in the fact that some solutes might remain 

trapped in the carbon pores due to steric effects, while these solutes are not actually 

adsorbed. This would increase the carbon loading, while the calculated       would not 

be influenced by this. Another explanation are possible hydrogen bonds between the 

pharmaceuticals and the activated carbon surface, increasing the carbon loading without 

affecting the      . 

For atenolol, trimethoprim, hydrochlorothiazide and ibuprofen, the relationship between 

      and qe goes through the origin, while this is not the case for the other 12 

pharmaceuticals. If only the interfacial free energy of interaction would determine the 

carbon loading, then the relationship would go through the origin for all carbons and all 

pharmaceuticals (no energy change means no adsorption). 12 of the 16 pharmaceuticals 

do not go through the origin, which proves that other factors, like diffusion effects or 

steric effects, also influence the adsorption, as suggested above.  
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4.2. Influence of preloading on adsorption of OMPs 

This experiment existed of three subsequent stages: preloading of GAC with the different 

NOM fractions of the different water types, followed by the pharmaceutical adsorption 

isotherms (in Milli-Q), and finally the quantification of the remaining adsorption capacity 

of the GAC, in terms of a phenol number. 

 

4.2.1. Isolation of different NOM fractions 

The 400 Da permeates, 800 Da permeates and 1 µm filtrates of both water types had the 

following DOC concentrations, measured as TOC (total organic carbon), represented in 

Table 4.6.. 

Table 4.6.: TOC concentrations of the water types for preloading 

Water Type Concentration (mg TOC/L) 

Surface water 1 µm filtrate 20.040 

Surface water 800 Da permeate 8.543 

Surface water 400 Da permeate 5.171 

Wastewater effluent 1 µm filtrate 12.240 

Wastewater effluent 800 Da permeate 5.954 

Wastewater effluent 400 Da permeate 4.877 

 

The 800 Da membrane has a TOC retention of 57 % for the surface water, and 51 % for 

the wastewater effluent, while the 400 Da membrane has a TOC retention of 74 % for the 

surface water, and 60 % for the wastewater effluent. The NOM compounds which are not 

removed by the 400 Da membrane are the organic acids of low molecular weight, and the 

smaller humic building blocks. The 800 Da permeate additionally contains the larger 

humic building blocks as well. The rejection of TOC for both membranes was higher for 

the surface water, compared to the wastewater. This indicates that the surface water 

contains a larger fraction of large NOM (biopolymers), but also a larger fraction of NOM 

with a molecular weight inbetween 400 and 800 Da (humic building blocks). As such, it 

could be initially expected that pore blocking/constriction would be worse for the surface 

water. 
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4.2.2. Preloading of carbon with different fractions 

The previously determined DOC concentrations for the different water types were used to 

calculate how much of the different water types exactly was needed to preload the carbon 

in a 1:2 mg DOC:mg AC ratio. Preloading was carried out in 2 liter bottles (which will be 

used throughout the whole experiment, also for the pharmaceutical isotherms and phenol 

number analysis, so that the carbon can stay untouched in the bottle – to avoid influences 

of drying the carbon on pharmaceutical and phenol adsorption). In case the required 

preloading water volume exceeded the bottle volume (which was the case if the DOC 

content was low), multiple preloading sessions were performed, to achieve the 1:2 ratio. 

The added volume of preloading water was weighed, after which the exact preloading 

ratio was calculated for every isotherm bottle. These applied preloading ratios are 

presented in Table 4.7.. For every new preloading session, the TOC concentration was 

determined again, to take into account possible TOC concentration fluctuations over time. 

These concentrations are not included in this report, but did not deviate much from the 

original TOC concentrations in Table 4.6.. After 5 days of contact time, the supernatant 

water was pumped out of the bottle using a peristaltic pump, and the preloaded carbon 

remained in the bottles and could be used to carry out the pharmaceutical isotherms.  
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Table 4.7.: Applied preloading ratios per isotherm bottle 

C0 pharm 
(µg/L) 

CAC 

(mg AC/L) 
Vpreloading 

(L) 

Applied 
preloading 
ratio (%) 

C0 pharm 
(µg/L) 

CAC 

(mg AC/L) 
Vpreloading 

(L) 

Applied 
preloading 
ratio (%) 

Surface water 1 µm filtrate Wastewater effluent 1 µm filtrate 

5 0 0 0% 5 0 0 0% 

5 0.9 0.022 55.53% 5 1 0.041 50.24% 

5 2.1 0.052 50.28% 5 2 0.082 50.07% 

5 5.2 0.130 50.06% 5 5.2 0.212 50.06% 

5 11.4 0.284 50.08% 5 9.9 0.404 50.17% 

5 26.4 0.659 50.01% 5 25.4 1.038 50.05% 

2.5 0 0 0% 2.5 0 0 0% 

2.5 26.3 0.656 50.01% 2.5 24.6 1.005 50.01% 

2.5 49.8 1.243 50.08% 2.5 50.6 2.067 50.04% 

Surface water 800 Da permeate Wastewater effluent 800 Da permeate 

5 0 0 0% 5 0 0 0% 

5 1.1 0.064 50.41% 5 1.1 0.092 50.62% 

5 2 0.117 50.86% 5 2.1 0.176 50.40% 

5 5 0.293 50.89% 5 4.9 0.411 50.26% 

5 9.9 0.579 51.37% 5 10.2 0.857 50.35% 

5 25.3 1.481 50.37% 5 25.2 2.116 50.32% 

2.5 0 0 0% 2.5 0 0 0% 

2.5 25.7 1.504 50.00% 2.5 25.1 2.108 50.31% 

2.5 50 2.926 50.03% 2.5 50.2 4.216 50.44% 

Surface water 400 Da permeate Wastewater effluent 400 Da permeate 

5 0 0 0% 5 0 0 0% 

5 1 0.097 50.13% 5 1 0.103 50.06% 

5 2 0.193 50.05% 5 1.8 0.185 50.06% 

5 5 0.483 50.12% 5 5.1 0.523 50.02% 

5 10.5 1.015 50.09% 5 10 1.025 50.01% 

5 25 2.417 50.13% 5 24.9 2.553 50.00% 

2.5 0 0 0% 2.5 0 0 0% 

2.5 25 2.417 50.01% 2.5 25.2 2.584 50.05% 

2.5 50.1 4.844 50.61% 2.5 50 5.126 51.26% 
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4.2.3. Pharmaceutical isotherms 

The pharmaceutical isotherms were carried out in Milli-Q water as described in Paragraph 

3.2.3.. The main reason to use Milli-Q water for the pharmaceutical adsorption isotherms, 

is to avoid influences of the feed water matrix on adsorption (direct competition), and 

only see effects of carbon preloading. Freundlich equations were fitted to the isotherms. 

Using the Freundlich equations, the activated carbon loading values (qe) of the 

pharmaceuticals were calculated for a desired effluent concentration of 1 nmol/L, which is 

an effluent concentration in the range of all Freundlich isotherms. The calculated qe-

values for the different pharmaceuticals on the carbons preloaded by the different water 

types  are summarized in Table 4.8.. 
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Table 4.8.: Carbon loading of the pharmaceuticals per preloading water 

Compound 
Charge 

(pH = 6) 
MW 

(g/mol) 

qe [µmol/g] @ Ce = 0.001 µmol/L 

Surface water 

1 µm filtrate 
800 Da 

permeate 
400 Da 

permeate 

Paracetamol 0 151 0.4424 0.4914 0.3091 

Theophylline 0 180 0.5144 0.3127 0.4161 

Phenazon 0 188 0.1745 0.2185 0.1756 

Ibuprofen - 206 0.2306 0.2344 0.1387 

Clofibric acid - 214 0.0545 0.0719 0.0589 

Primidone 0 218 0.1293 0.1063 0.0987 

Naproxen - 230 0.1701 0.1652 0.1675 

Lidocaine + 234 0.0827 0.0850 0.0434 

Carbamazepine 0 236 0.2210 0.3049 0.2253 

Gemfibrozil - 250 0.2114 0.1811 0.1813 

Sulfamethoxazole 0 253 0.2188 0.2288 0.2093 

Metoprolol + 257 0.1347 0.2162 0.1403 

Ifosfamide 0 260 0.0876 0.1068 0.0807 

Cyclophosfamide 0 261 0.0886 0.0924 0.0788 

Atenolol + 266 0.2171 0.2234 0.1822 

Trimetoprim + 290 0.2878 0.3491 0.2510 

Diclofenac - 296 0.1024 0.1373 0.1151 

Compound 
Charge 

(pH = 6) 
MW 

(g/mol) 

Wastewater effluent 

1 µm filtrate 
800 Da 

permeate 
400 Da 

permeate 

Paracetamol 0 151 0.4812 0.3065 0.3104 

Theophylline 0 180 0.1759 0.2306 0.3119 

Phenazon 0 188 0.1037 0.1377 0.1570 

Ibuprofen - 206 0.1707 0.3970 0.0753 

Clofibric acid - 214 0.0312 0.0490 0.0309 

Primidone 0 218 0.0509 0.0805 0.0974 

Naproxen - 230 0.0992 0.1729 0.2119 

Lidocaine + 234 0.0791 0.0683 0.1447 

Carbamazepine 0 236 0.0822 0.2592 0.2970 

Gemfibrozil - 250 0.0891 0.1745 0.2348 

Sulfamethoxazole 0 253 0.1603 0.1554 0.1845 

Metoprolol + 257 0.1180 0.1959 0.3115 

Ifosfamide 0 260 0.1210 0.0955 0.1088 

Cyclophosfamide 0 261 0.0682 0.0762 0.0813 

Atenolol + 266 0.1222 0.1381 0.1947 

Trimetoprim + 290 0.1749 0.2909 0.3360 

Diclofenac - 296 0.0549 0.1483 0.2013 
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In Table 4.8., the highest carbon loadings, of the carbons preloaded with the different 

water types, for each pharmaceutical are indicated in blue, and the lowest carbon 

loadings are indicated in red. For most (13 out of 17) pharmaceuticals, it is clear that the 

highest pharmaceutical loading qe for the carbons preloaded with surface water was 

observed for the carbon preloaded with 800 Da permeate. For wastewater effluent 

preloaded carbons, the carbon preloaded with 400 Da permeate generally gave  the 

highest carbon loadings for the pharmaceuticals, with 13 out of 17 pharmaceuticals as 

well. The lowest carbon loadings were generally observed for the 400 Da surface water 

permeate preloaded carbon, and the 1 µm wastewater filtrate preloaded carbon. For 

wastewater preloaded carbon, the trends thus follow what was expected beforehand, 

namely that removing NOM results in more adsorption capacity for the pharmaceuticals. 

For surface water preloaded carbon, the conclusions were less clear. 

For the three surface water preloaded carbons, the carbon loadings do not have a large 

spread in general, when observing the pharmaceuticals apart from each other. This would 

indicate that the pharmaceuticals adsorbed similarly on all preloaded carbon, regardless of 

the surface water preloading regime. However, the fact that for 13 out of 17 

pharmaceuticals the 800 Da permeate showed the highest qe, shows that adsorption is 

probably less affected by preloading of the NOM fraction inbetween 400 and 800 Da. This 

was not expected, since the 200 – 700 Da NOM fraction was reported in literature to have 

the highest potential for pore blocking/constriction, which means the 1 µm filtrate and 

800 Da permeate preloading regimes should in theory show the highest pore blocking. 

Probably, no full pore blocking occurred with the surface water NOM, although pore 

constriction may have occurred but may not have affected the carbon loading because of 

the large equilibrium time (4 weeks) that was applied. However, more experimental work 

would be required to check this. 

For the wastewater effluent preloading regimes, the carbon loadings tend to have a larger 

spread for the three preloading regimes. The 1 µm filtrate preloading regime generally 

resulted in the lowest carbon loading, indicating that the most pore blocking occurred in 

this regime. The 400 Da preloading regime resulted in the highest qe values, meaning that 

the least amount of pore blocking occurred here. This is in agreement with the postulated 

theory: the 1 µm filtrate and 800 Da permeate contained the 200 – 700 Da NOM fraction, 

which was reported to have the highest effect on pore blocking/constriction, resulting in 

the lowest adsorption of pharmaceuticals. 1 µm filtrate contained also larger NOM 
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fractions which had a higher potential than the fractions below 800 Da to block the 

carbon pores. 

This is an important conclusion for design of full-scale treatment plants: if activated 

carbon is expected to be used to polish wastewater effluent, removal of larger NOM 

fractions prior to the activated carbon could be beneficial for the adsorption capacity and 

thus the economical feasibility of the process. For surface water, this conclusion was less 

clear from the experiments carried out. 

The large difference between the effect of preloading by the different water types on 

pharmaceutical adsorption might also lie in the different nature of the NOM in the 

different water types. As already stated, surface water may contain larger amounts of 

larger NOM fractions compared to wastewater. Also the hydrophobic nature of the NOM 

fractions might differ significantly for the different water types. As shown in the previous 

paragraphs, altered hydrophobicity of the carbon might have a significant impact on 

pharmaceutical adsorption. However, as stated above, more research is required to 

confirm these assumptions. 

What is also interesting about the results, is that the loading of pharmaceuticals onto the 

carbon types does not seem to be dependent on the charge of the pharmaceuticals, 

which was not really expected. Of course, preloading of activated carbon is a general 

phenomenon, affecting all adsorbing solutes, regardless of their charge. However, 

preloading may have an effect on the carbon charge: most NOM in surface and 

wastewater is negatively charged, and thus it is expected that preloading with NOM will 

result in worse adsorption ability for negatively charged organic solutes (due to charge 

repulsion) compared to positively charged organic solutes (charge attraction). The loading 

of pharmaceuticals onto the preloaded carbons is also not affected by the solute size. This 

is also strange, since preloading and consequent pore blocking/constriction may result in 

altered pore sizes of the carbon: partially constricted pores make the pore entrance 

smaller, which prohibits solutes of a similar size as the pore size from entering the pore, 

making this pore only available for the smallest solutes. In theory, this should result in a 

higher carbon loading for the smaller solutes. However, this is not observed, for neither of 

the 6 preloading regimes. This may lie in the fact that the molecular size range of the 

pharmaceuticals is not large enough to be able to observe this (i.e., all pharmaceuticals 

are more or less similar in size, well below the cut-off of the smallest NF membrane (400 

Da)). 
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4.2.4. Remaining adsorption capacity 

After the 4-week pharmaceutical isotherm execution, phenol isotherms were carried out in 

order to determine the remaining adsorption capacity, in terms of a phenol number. 

These results are presented in Table 4.9. 

Table 4.9.: Remaining adsorption capacity in terms of phenol numbers 

Preloading water type 
qe, phenol 

(µg/mg) 
Phenol number 

(m²/g AC) 

Surface water 400 Da permeate 122 980 

Surface water 800 Da permeate 113 911 

Surface water 1 µm filtrate 97 786 

Wastewater effluent 400 Da permeate 105 850 

Wastewater effluent 800 Da permeate 142 1146 

Wastewater effluent 1 µm filtrate 112 902 

 

 

4.2.4.1. Surface water preloading regimes 

For the surface water preloading regimes, the phenol loading on the carbon was the 

highest for the 400 Da permeate preloading regime, indicating the highest remaining 

adsorption capacity. The least remaining adsorption capacity is here found for the 1 µm 

filtrate. This indicates that, for the 400 Da permeate preloading regime, the least amount 

of pharmaceuticals have adsorbed, and thus the biggest pore blocking occurred, while for 

the 1 µm preloading regime, the largest amount of pharmaceuticals have adsorbed, 

meaning the least pore blocking occurred. This is not in agreement with the postulated 

theory that filtration prior to OMP adsorption should result in a higher adsorption capacity 

for the target OMPs, but it is more or less in agreement with the previously determined 

carbon loadings of the pharmaceuticals, where it was concluded that the 400 Da 

permeate regime had the lowest pharmaceutical loading on the carbon.  

As stated, this is not in agreement with the postulated theory, but it might be due to the 

fact that the different NOM fractions have significantly different hydrophobicities, leading 

to a significant change in activated carbon surface properties. However, as stated above, 

more research is needed to confirm this. 
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4.2.4.2. Wastewater effluent preloading regimes 

With the wastewater effluent preloading regimes, the phenol number was the highest for 

the 800 Da permeate preloading, the 1 µm filtrate had an intermediate phenol number, 

and 400 Da preloaded carbons had the lowest phenol number. This indicates that poor 

pharmaceutical adsorption had occurred for the 1 µm and 800 Da preloaded carbons, 

indicating the most pore blocking occurred for these two water types. This agrees with 

the pharmaceutical isotherms, which showed that the highest pharmaceutical qe was 

observed for the 400 Da permeate preloaded carbon, and the lowest qe  for the 1 µm 

preloaded carbon. As such, for the wastewater effluent, these results agree with the 

reported theory that the 200 – 700 Da range has the highest potential for pore blocking. 

Both the 800 Da permeate and 1 µm filtrate contained that NOM fraction. Surprisingly, 

the results are completely different than for surface water NOM. This would indicate that 

pore blocking is not only a size effect, but is also related to NOM physico-chemical 

properties such as hydrophobicity. Again, more research is required to confirm this.  
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4.3. Reduction with subsequent adsorption 

In Figures 4.5. and 4.6., the Freundlich isotherms are given for the diatrizoate/3,5-

diacetamidobenzoate system and the diclofenac/2-anilinophenylacetate system 

respectively. 

 

Figure 4.5.: Freundlich isotherm for the diatrizoate/3,5-diacetamidobenzoate system 

 

Figure 4.6.: Freundlich isotherm for the diclofenac/2-anilinophenylacetate system 

From these Freundlich isotherms, the carbon loading qe (presented in Table 4.10.) is 

calculated for an effluent concentration of 0.1 µmol/L for the diatrizoate/3,5-

qe = 0,0430*Ce
0,2004 

R² = 0,7762 

qe = 1,5396*Ce
0,4004 

R² = 0,8987 

0 

0,5 

1 

1,5 

2 

0 0,2 0,4 0,6 0,8 1 1,2 

q
e
 (

µ
m

o
l/

m
g)

 

Ce (µmol/L) 

Diatrizoate/3,5-Diacetamidobenzoate 

Diatrizoate 3,5-Diacetamidobenzoate 

qe = 0,5260*Ce
0,2194 

R² = 0,878 

qe = 0,3135*Ce
0,3018 

R² = 0,8315 

0 

0,05 

0,1 

0,15 

0,2 

0,25 

0,3 

0,35 

0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 

q
e
 (

µ
m

o
l/

m
g)

 

Ce (µmol/L) 

Diclofenac/2-Anilinophenylacetate 

Diclofenac 2-Anilinophenylacetate 



 
73 

diacetamidobenzoate system, and 0.02 µmol/L for the diclofenac/2-anilinophenylacetate 

system. These concentrations are in the range of the corresponding Freundlich isotherms. 

Table 4.10.: Carbon loadings for the pharmaceutical/dehalogenation product systems 

Compound qe (@ Ce = 0.1 µmol/L) 

Diatrizoate 0.0271 

3,5-Diacetamidobenzoate 0.6124 

 
qe (@ Ce = 0.02 µmol/L) 

Diclofenac 0.2230 

2-Anilinophenylacetate 0.0963 

 

The carbon loading of 3,5-diacetamidobenzoate is approximately 22.6 times higher than 

the diatrizoate carbon loading, indicating a much better adsorption of the dehalogenation 

product. In contrast to diatrizoate and its dehalogenated product, the dehalogenated 

product of diclofenac, 2-anilinophenylacetate, does not seem to adsorb better than 

diclofenac. In fact, diclofenac adsorbs approximately 2.3 times better than its 

dehalogenation product. 

The reason for the different conclusions on the effects of dehalogenation on adsorbability, 

may lie in the physico-chemical characteristics of the compounds, namely the differences 

in molecular size and hydrophobicity of the compounds. The hydrophobicity of ionizable 

compounds is expressed as the logarithm of its distribution coefficient (log D) (de Ridder 

et al., 2010,  2012a), since the state in which the ionizable compounds are present 

(dissociated or non-dissociated) depends on their pKa value and the pH of the aqueous 

solution. In Table 4.11., the molecular size, solvent accessible area and the predicted log 

D are shown for the four investigated compounds. 

Table 4.11.: Properties of the pharmaceuticals and dehalogenation products (sources: 

molecular size: Chemicalize.org, solvent accessible area: Chemicalize.org, log D: 

Chemspider.com) 

Compound 
Volume 

molecule ( ³) 

Solvent accessible 

area ( ²) 
log D 

(pH: 5.5) 
log D 

(pH: 7.4) 

Diatrizoate 278.40 397.64 -2.64 -2.66 

3,5-Diacetamidobenzoate 205.00 325.97 -1.09 -2.49 

Diclofenac 236.90 362.23 3.21 1.44 

2-anilinophenylacetate 206.54 328.46 0.94 -0.84 
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For the diatrizoate/3,5-diacetamidobenzoate system, it can be concluded that the pH-

corrected octanol-water distribution coefficient is higher for 3,5-diacetamidobenzoate than 

it is for diatrizoate, which indicates a more hydrophobic nature for the dehalogenated 

compound. This explains the difference in carbon loading and the higher adsorbability of 

the dehalogenated compound, since in general hydrophobic solutes adsorb better on a 

hydrophobic adsorbent like activated carbon. A second explanation for the higher carbon 

loading is the molecular size of 3,5-diacetamidobenzoate. Diatrizoate contains three large 

iodine atoms. The molecule without these halogens is approximately 25 % smaller than 

diatrizoate, meaning that this compound can migrate deeper into the carbon pores, and 

thus adsorb in additional, smaller pores, whereas diatrizoate accessibility is more limited 

due to its size. 

For the diclofenac/2-anilinophenylacetate system, the non-dehalogenated original 

compound adsorbs much better than its dehalogenation product. Size effects cannot 

explain this, since the two compounds have relatively similar molecular sizes. However, 

there is a striking difference in log D values of the compounds. Diclofenac has a higher 

log D than its dehalogenation product, which means it has a more hydrophobic character 

than 2-anilinophenylacetate has. This results in a better adsorption for diclofenac than for 

its dehalogenated compound. 

The conclusion from these experiments is thus that reduction of compounds can improve 

their adsorption ability in some cases, but this depends largely on the hydrophobicity of 

the reduced product. 
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5. CONCLUSIONS AND PERSPECTIVES 

In this thesis, the removal of pharmaceuticals through activated carbon adsorption was 

addressed. Three different approaches were examined. 

- The first part dealt with finding a correlation between pharmaceutical and carbon 

properties and activated carbon adsorption behavior of these pharmaceuticals. This 

was done by relating the interfacial free energy of interaction that occurs during 

adsorption (     ) to the carbon loading (qe) of pharmaceuticals.  

A negative correlation between qe and       was found, for all of the investigated 

activated carbon types and pharmaceuticals, indicating that the higher the      , the 

bigger the repulsion between solute-carbon in an aqueous environment, and the lower 

the carbon loading was. Although a general trend was present, some differences were 

found between the activated carbon types, as well as between the different 

pharmaceuticals. Other factors than the       are thus also affection the adsorption 

behavior of pharmaceuticals. These other factors, influencing the adsorption, include 

the pharmaceutical diffusion into the activated carbon pores. This is dependent on the 

molecular size of the pharmaceuticals (a bigger solute diffuses slower into the 

activated carbon pores), but also on the structure of the activated carbon pores (a 

complex structure can obstruct the smaller micropores, slowing down the diffusion 

process of the solutes, and thus lowering the activated carbon loading). Another 

factor influencing the adsorption is the charge of the solutes and the activated carbon. 

Electrostatic interactions which occur during adsorption, due to a charged carbon 

surface and a charged solute, are not included in the interfacial free energy of 

interaction. The investigated activated carbons all had a positively charged surface, 

resulting in a higher carbon loading for the negatively charged solutes (due to 

electrostatic attraction). A third factor which is not included in the       value, is the 

effect of steric hindrance. It is possible that some solutes may not be adsorbed, but 

were trapped in the carbon pores due to steric effects. This would result in a higher qe 

for these solutes, without influencing the      . Finally, if hydrogen bonds were 

present between the solutes and carbon surface, the qe would increase while the 

      would not be influenced by this. 
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Perspectives for further research should focus on the other possible factors (which are 

not included in the interfacial free energy of interaction) that could have influenced 

the activated carbon adsorption. If an energetic value could be calculated for possible 

H-bonds and electrostatic interactions, they could be included into the total adsorption 

interaction energy. Additionally, if a coefficient for the inner structure of the activated 

carbon could be determined, the differences in carbon loading due to diffusion could 

be taken into account as well. Although the main trend is visible in our experiments, 

the above recommendations for future research could provide us with the next step 

towards predicting adsorption on activated carbon. 

 

- The second experiment dealt with the adverse effect of pore blocking on activated 

carbon adsorption of organic micro-pollutants. Granular AC was preloaded with 

different NOM size fractions of surface water and wastewater effluent, followed by 

adsorption of target pharmaceutical compounds, and finally quantification of the 

remaining adsorption capacity in terms of a phenol number. 

It could be concluded that for the wastewater effluent preloading, poor 

pharmaceutical adsorption was observed for the 1 µm and 800 Da preloading regimes, 

while better pharmaceutical adsorption was observed for the 400 Da preloading 

regime. Additionally, the phenol numbers of the 1 µm filtrate and 800 Da permeate 

preloadings were the highest (indicating the highest remaining adsorption capacity), 

and the 400 Da phenol number was the lowest. This indicates that less pore blocking 

occurred in the 400 Da preloaded activated carbon. Removing the NOM fraction 

higher than 400 Da in wastewater effluent, by means of a 400 Da nanofiltration, thus 

results in less pore blocking, and a higher adsorption capacity for the target organic 

micro-pollutants. 

For the surface water preloading, however, the highest remaining adsorption capacity 

was observed for the 400 Da permeate preloading regime. The least remaining 

adsorption capacity was observed for the 1 µm filtrate. These results were more or 

less in agreement with the pharmaceutical adsorption on the activated carbon: the 

400 Da permeate regime had the lowest pharmaceutical loading on the carbon. 

However, this is not in agreement with the postulated theory that removal of NOM 

prior to AC adsorption increases the capacity for target micro-pollutants. This could be 

explained by different physico-chemical properties in the NOM fractions, such as 

hydrophobicity, affecting the adsorption of pharmaceuticals. It may be possible that 
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the NOM fraction <400 Da is more hydrophobic, adsorbing more onto the activated 

carbon, resulting in a higher preloading and thus less pharmaceutical adsorption. 

Future research should focus on why the results from the wastewater effluent 

preloading are different from the surface water preloading. In these experiments, the 

NOM~DOC was brought into contact with the activated carbon during the preloading 

regime, however it is unknown how much DOC exactly adsorbed onto the carbon. 

Measuring this, and determining the nature of the NOM, could possibly clarify these 

differences, and provide us with more insight into the effects of pore blocking. 

 

- The third and final part of this thesis dealt with the effect of reduction/dehalogenation 

of pharmaceuticals on activated carbon adsorption. This was done by comparing the 

carbon loadings of two pharmaceuticals (diatrizoate and diclofenac) with their 

dehalogenation products (3,5-diacetamidobenzoate and 2-anilinophenylacetate 

respectively). 

In the diatrizoate/3,5-diacetamidobenzoate system, the dehalogenated product 

adsorbed much better than the original compound. This was due to a higher 

hydrophobicity of the dehalogenated compound, and a smaller molecular size, 

enabling 3,5-acetamidobenzoate to enter in additional smaller pores. In the 

diclofenac/2-anilinophenylacetate system it was the original compound, diclofenac, 

which had a higher hydrophobicity, and thus resulting in a better adsorption of 

diclofenac. The reduction of organic micro-pollutants can thus improve the adsorption 

ability, which is mainly determined by the hydrophobicity of the reduced product. 

Future research should focus on the reduction potential of a wide range of organic 

micro-pollutants. This reduction can be achieved with different processes, e.g. 

biogenic reduction, catalytic reduction and electrochemical reduction. Furthermore, 

the degradation products and their activated carbon adsorption behavior should be 

determined. This research would determine whether reduction of OMPs with 

subsequent activated carbon adsorption could be a better alternative for removing 

organic micro-pollutants from wastewater and drinking water. 
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ADDENDUM 

Addendum 1.: Freundlich constants 

Name 
HD4000 CN1 ROW 0.8 Supra 

K n K n K n 

Atenolol 0.0070 0.1268 0.0475 0.3385 0.0577 0.3638 

Metropolol 0.0793 0.4061 0.0945 0.4051 0.1209 0.4352 

Lidocaine 0.0038 0.1098 0.0833 0.5781 0.0169 0.2615 

Lincomycin hydrochloride 0.0052 0.1142 0.3430 0.6504 0.0190 0.2340 

Trimethoprim 0.7001 0.5778 0.2136 0.4251 1.0203 0.5780 

Hydrochlorothiazide 0.0355 0.2741 0.0151 0.4172 0.0556 0.3412 

Theophylline 0.0936 0.3313 0.0190 0.3888 0.1515 0.4374 

Paracetamol 0.1144 0.3402 0.0123 0.2886 0.1655 0.5821 

Cyclophosphamide 0.0224 0.2110 0.0467 0.5503 0.1084 0.4819 

Carbamazepine 0.1096 0.2609 0.0454 0.3867 0.2459 0.4312 

Sulfamethoxazole 0.0688 0.3156 0.0132 0.3149 0.3076 0.5423 

Gemfibrozil 0.4242 0.4421 0.1517 0.5269 4.2092 0.7279 

Naproxen 0.1514 0.2071 0.0747 0.4138 0.6799 0.4800 

Ketoprofen 0.3621 0.3427 0.0732 0.4214 0.3105 0.3515 

Ibuprofen 
  

0.0421 0.4467 0.9704 0.6002 

Clofibric acid 0.0657 0.2925 0.0082 0.3911 0.1955 0.4534 

       

Name 
AC1230C UC830 Centaur HSL 

K n K n K n 

Atenolol 0.0282 0.3621 0.0273 0.2803 0.0296 0.3781 

Metropolol 0.0804 0.3938 0.1902 0.4767 0.1633 0.5440 

Lidocaine 0.0578 0.3165 0.0206 0.2288 0.0324 0.4048 

Lincomycin hydrochloride 0.0298 0.2746 0.0506 0.3443 0.0901 0.4645 

Trimethoprim 0.2427 0.4783 0.9476 0.5638 0.9993 0.6531 

Hydrochlorothiazide 0.0311 0.2523 0.0696 0.3059 0.0531 0.3160 

Theophylline 0.0991 0.3603 0.1864 0.4012 0.1170 0.4140 

Paracetamol 0.1109 0.3690 0.0670 0.3393 0.0528 0.3509 

Cyclophosphamide 0.0481 0.3969 0.0671 0.3307 0.0680 0.4215 

Carbamazepine 0.0720 0.3192 0.3580 0.4162 0.5731 0.5376 

Sulfamethoxazole 0.0431 0.2530 0.1765 0.3919 0.2221 0.4162 

Gemfibrozil 
  

0.7161 0.6138 0.4491 0.5589 

Naproxen 0.0767 0.2065 
  

0.2231 0.3446 

Ketoprofen 0.0514 0.2022 
  

0.1181 0.2759 

Ibuprofen 0.0698 0.1936 0.3089 0.5421 0.1551 0.4236 

Clofibric acid 0.0918 0.3443 0.0847 0.3010 0.1229 0.3777 



 

 


