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1.1 General background 
Earth's human population is growing rapidly, increasing demand on clean water, whilst 

increasing pollution of water resources. Pollution of water resources further aggravates 

water stress. An emerging class of water pollutants has been identified in the last decades, 

originating from use of organic chemicals and their release to environmental compartments. 

One of the key differences between this emerging class of pollutants and conventional 

pollutants (e.g. nitrate, phosphorus and organic matter) is the large variety of chemical 

structures of the different contaminants and their occurrence at trace (ng/L to µg/L) 

concentrations. The latter is the reason why these emerging pollutants are also referred to as 

organic micropollutants. For conciseness, only the term micropollutants is used in this 

thesis. Despite their occurrence at trace concentrations, micropollutants contribute 

significantly to the total pollution load on the aquatic environment (Martínez-Alcalá et al., 

2018; Wohler et al., 2020) and can be harmful to aquatic organisms (Santos et al., 2010).  

1.2 Organic micropollutants in the environment 
Throughout the world, an increasing number of studies show the presence of a large variety 

of micropollutants in surface water (Ruff et al., 2015; Schulze et al., 2019; Starling et al., 2019; 

Tröger et al., 2020; Xu et al., 2019), groundwater (Bexfield et al., 2019; Stuart et al., 2012) and 

to a lesser extent also in drinking water (Baken et al., 2018; Trenholm et al., 2006; Tröger et 

al., 2018). In the river Rhine, an important drinking water source in central Europe, almost 

200 micropollutants have been detected in 2011 (Ruff et al., 2015). In the Netherlands, over 

700 micropollutants were detected in surface and groundwater, drinking water and effluent 

from domestic and industrial wastewater treatment plants (WWTPs) (Sjerps et al., 2016). 

Also in other parts of the globe, studies highlight the widespread contamination of water 

resources with micropollutants (Chaves et al., 2020; Dalahmeh et al., 2020; Luo et al., 2014; 

Starling et al., 2019). 

Micropollutants reach the environment via a variety of diffuse and point sources 

(Figure 1.1). Diffuse sources include agricultural and urban water runoff and sewer 

overflow (Christoffels et al., 2016; Launay et al., 2016; Seitz and Winzenbacher, 2017). Point 

sources consist mainly of discharge of domestic and industrial WWTP effluent. 

Conventional wastewater treatment removes only a fraction of the micropollutants present 

in the raw influent, which makes conventional WWTPs important sources for discharge of 

micropollutants to surface water (Gonzalez-Gil et al., 2017; Ruff et al., 2015; Seitz and 

Winzenbacher, 2017). The impact of the quality of WWTP effluent on surface water has been 
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demonstrated in several studies showing increased micropollutants concentrations along 

river flows and downstream from WWTPs  (Ruff et al., 2015; Tröger et al., 2018). These 

studies highlight the need to improve current wastewater treatment. However, given the 

contribution of diffuse sources to the presence of micropollutants in water (Christoffels et 

al., 2016; Launay et al., 2016), improved micropollutants removal in WWTPs does not fully 

eliminate these contaminants from our environment. 

Figure 1.1: Possible sources of micropollutants to the environment and to drinking water. 

The presence of micropollutants in the environment has negative impacts to aquatic life and 

potentially also to human health (Kumerer, 2010; Santos et al., 2010; Sjerps et al., 2016). 

Negative impacts of micropollutants on aquatic life at environmentally relevant 

concentrations have been reported, including tissue damage (Triebskorn et al., 2007) and 

reproduction impairment to fish (Örn et al., 2003; Pawlowski et al., 2004) and reduced 

activity of crustacea (de Lange et al., 2006). The impacts to human health are more difficult 

to establish and therefore less well documented (Santos et al., 2010). Some studies conclude 

that the concentration of micropollutants after drinking water treatment does not pose a risk 

to human health (Baken et al., 2018; Brunner et al., 2020). However, in the study of Baken et 

al. (2018) the authors acknowledge that for 54% of the substances, not enough toxicological 

or monitoring data is available to make a thorough assessment. Furthermore, the effects of 

mixtures were not taken into account in their study.  
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Negative effects of micropollutants to human health have been demonstrated in vitro using 

wastewater effluent. These effects were assessed using human cells and include decreased 

proliferation, increased damage and apoptosis of embryonic kidney cells and 

overexpression of stress response genes in human intestinal epithelium (Etteieb et al., 2019; 

Ren et al., 2017). Human exposure to micropollutants through consumption of treated 

wastewater is currently not a realistic exposure route. However, these results reinforce that 

the presence of micropollutants in wastewater effluent contributes to deteriorating the 

quality of surface water used for drinking water production. The contribution of wastewater 

effluent to the total flow of rivers is expected to increase in the coming years as a result of 

longer dry periods resulting from climate change (Hofman-Caris et al., 2019; Sjerps et al., 

2017). Consequently, micropollutants concentrations in surface water and drinking water 

are also expected to increase, aggravating the potential risks to the aquatic life and human 

health.  

Determining the extent of the (eco)toxic effects of the presence of micropollutants in water to 

aquatic life and human health remains challenging for several reasons. Firstly, the enormous 

amount of chemicals in use, and developed, combined with their degradation products, 

makes it impractical to study their toxicity on an individual basis. Secondly, mixtures of 

micropollutants can have different toxic effects than the individual molecules alone. Finally, 

these negative impacts are more likely to appear as chronic effects, due to long term 

exposure to low doses, rather than acute effects. However, studies of chronic exposure, are 

more difficult to conduct and therefore appear in a minority of publications (Jones et al., 

2004; Santos et al., 2010). Nevertheless, given the existing evidence of (eco)toxic effects and 

the remaining knowledge gaps regarding the chronic effects of human and aquatic life 

exposure to micropollutants, their occurrence in the environment and in drinking water 

sources should be prevented.  

Micropollutants discharge to and maximum concentrations in the environment are not fully 

regulated in the current European legal framework. The reasons for this legislation gap are 

several. Firstly, the study of the presence and fate of micropollutants in the environment 

spans only a few decades, due to recent advances in analytical chemistry. These advances 

allowed the detection of a larger number of chemicals at lower concentrations. Secondly, the 

large variety of micropollutants detected in the environment makes it impractical to monitor 

all contaminants individually. Pesticides are the only class of micropollutants to which a 

limit in drinking water is established. The Drinking Water Directive (European Council 
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Directive 80/778/EEC) sets a limit of 0.1 µg/L for individual pesticides and 0.5 µg/L for the 

sum of all of them in water intended for human consumption. Yet, the compounds that 

should be monitored are not specified. Regarding all other micropollutants, a signalling 

value of 1 µg/L is established by Dutch legislation (Drinkwaterbesluit) for “anthropogenic 

substances” in water intended for human consumption. Drinking water companies in the 

Netherlands need to signal when organic contaminants are present in their intake water at 

concentrations higher than 1 µg/L, the so called derogation limit. When this concentration is 

exceeded, an exemption needs to be requested to the responsible authorities so that the 

intake water can still be used for drinking water production. A maximum concentration for 

the contaminant in the intake water can be established based on the nature of the compound 

and the available information regarding its risks to human health. If the concentration in the 

intake water exceeds this limit, an alternative source needs to be used. In the last 5 years, the 

number of micropollutants exceeding the derogation limit in surface water used for 

drinking water production has increased (Kools et al., 2019), making it challenging for 

drinking water companies to comply with this regulation. 

As our knowledge about micropollutants presence in and removal from water advances, it 

is expected that the legislation gap will be filled. Micropollutants are nowadays a focus of 

interest in monitoring programs of surface water (Ruff et al., 2015) and different 

prioritization schemes have been proposed to ensure these programs target the most 

relevant contaminants (Brunner et al., 2019; Sjerps et al., 2016).  

1.3 Micropollutants removal in granular activated carbon filters 
Drinking water treatment provides a barrier for human exposure to micropollutants 

through ingestion. Conventional drinking water treatment is designed to remove suspended 

solids, organic matter and pathogens from water and improve its odour and taste. This is 

achieved in a treatment train based on flocculation, separation, disinfection and filtration 

steps (Stackelberg et al., 2004; Tröger et al., 2020). The chosen technologies and the order in 

which they are applied depend greatly on the quality of the intake water (Knezev, 2015). 

More recently, attention is being paid to the efficacy and efficiency of these treatment steps 

in removing micropollutants. The efficiency of each treatment technology for removing 

micropollutants is still uncertain, as it depends on type of micropollutant, water matrix 

properties, and process conditions (Fischer et al., 2019). Studies in full-scale drinking water 

treatment plants  have shown insignificant to significant micropollutants removal after 

water treatment by flocculation, disinfection (with chlorine, UV or ozonation), sand 
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filtration and granular activated carbon (GAC) filtration, depending on the micropollutant 

(Huerta-Fontela et al., 2011; Stackelberg et al., 2007; Sun et al., 2020; Tröger et al., 2018).  

GAC filtration has been applied for decades in industrial and drinking water treatment 

(Benstoem et al., 2017). GAC filters remove natural organic matter, odour and taste 

compounds and micropollutants from water, amongst others (Velten et al., 2011a). Also in 

wastewater treatment, GAC filtration for micropollutants removal has emerged in the last 

years as a strategy to comply with more stringent effluent discharge regulations foreseen for 

the near future (Benstoem et al., 2017; Meinel et al., 2015; Östman et al., 2019; Reungoat et 

al., 2010). Compared to other technologies, GAC filtration offers the advantage of removing 

a broad range of micropollutants, without producing toxic transformation products, as can 

be the case for chemical oxidation processes (Gunten, 2018). However, GAC adsorption 

capacity for micropollutants reduces in the presence of organic matter due to competition 

for adsorption sites and pore blockage by the organic matter (Kennedy et al., 2015; 

Zietzschmann et al., 2016b). Furthermore, in case a micropollutant concentration decreases 

in the filter influent, this micropollutant can desorb from the GAC, as a consequence of a 

concentration gradient between the GAC and the liquid phase (Corwin and Summers, 2011). 

Despite these limitations, GAC filtration is commonly seen as one of the main steps 

responsible for micropollutants removal in drinking water treatment due to its high 

efficiency in removing micropollutants as long as the adsorption capacity is maintained with 

frequent GAC reactivations (Stackelberg et al., 2007; Tröger et al., 2020). 

In GAC filters, micropollutants are removed from water either via adsorption or via 

biodegradation by the biomass grown on the GAC surface. These processes are discussed in 

more detail in the following sections.  

1.3.1 Adsorption 
Adsorption refers to the accumulation of molecules (adsorbates) on the surface of an 

adsorbent, due to the interaction of these molecules with the adsorbent surface. The type 

and strength of these interactions depend on characteristics of both adsorbent and 

adsorbate, as well as on solution conditions, such as pH, temperature and salts 

concentration (Radovic et al., 1997).  

Activated carbon (AC) is a widely used adsorbent, due to its high specific surface area and 

affinity for a wide range of compounds (Worch, 2012). The high specific surface area of ACs 

(of order 102 to 103 m2/g) is the result of a vast internal network of pores created during the 
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AC activation, which can be either thermal or chemical. Thermal activation is carried out 

using steam or carbon dioxide whereas chemical activation is carried out using chemicals as 

H3PO4, ZnCl2, KOH and K2CO3 (Marsh and Rodriguez-Reinoso, 2006). GAC used in 

drinking water treatment is produced via thermal activation. Materials often used to 

produce AC originate from non-renewable (coal) or renewable sources (wood and other 

types of biomass) (Worch, 2012).  

The source material and activation process determine the AC physical and chemical 

properties (Aktaş and Çeçen, 2006a; de Jonge et al., 1996; Karanfil and Kilduff, 1999). The 

most relevant properties influencing the AC adsorption capacity are related to its internal 

surface area, the chemical groups present on this surface and the pore dimensions (Karanfil 

and Kilduff, 1999). Chemically, the AC internal surface area is described based on its charge 

and on the most abundant functional groups. Physically, ACs can be characterised based on 

the surface area and volume for the different pore fractions. The porosity of AC is divided, 

based on its diameter, in macropores (>50 nm), mesopores (between 2 and 50 nm) and 

micropores (< 2nm) (Worch, 2012). Micropollutants adsorption is expected to occur mainly 

in the micropore fraction, where the molecules can interact more closely with the pore walls 

(Li et al., 2002; Xiaojian et al., 1991). These AC properties determine how much total surface 

area is available for adsorption, which fraction of the pores is available for micropollutants 

of different sizes and which interactions can occur between the AC surface and the 

micropollutants.  

The strength of the interactions between the AC surface and micropollutants, combined 

with the amount of surface area available for adsorption, determine the affinity of the AC 

towards a micropollutant. The affinity of micropollutants for AC is usually assessed by 

quantifying the micropollutant partition between the liquid phase and the AC phase at 

equilibrium, using different micropollutant:AC ratios at a constant temperature. Adsorption 

isotherm equations can be applied to the results, generating isotherm coefficients. These 

coefficients are useful for comparing AC affinity for target adsorbates and predicting AC 

load at a certain micropollutant concentration. However, in GAC filtration, micropollutant 

removal is not only determined by affinity towards the GAC, but also by the adsorption rate 

(Worch, 2012).  

The rate limiting step in the adsorption of micropollutants is the diffusion in the stagnant 

film layer around the GAC particles (film diffusion) and/or inside the particle itself (intra-

particle diffusion) (Worch, 2012). Micropollutants diffusion rate is determined mainly by the 



General introduction  

17 

1 

molecule dimensions, GAC pore size and the hydraulic regime in which adsorption takes 

place (Valderrama et al., 2008). Adsorption kinetics can be modelled to gain insight into 

which properties of both adsorbate and adsorbent influence adsorption rate and to what 

extent. 

Since during adsorption molecules accumulate onto the GAC surface, the adsorption 

capacity reduces as adsorption sites become exhausted (Tröger et al., 2020; Ye et al., 2019). 

Tröger et al. (2020) reported a decrease in micropollutants removal efficiency from 92% to 

34% after water treatment with 71 months old GAC filters, compared to 12 months old GAC 

filters. Ye et al. (2019) reported different effects of GAC aging on micropollutants 

adsorption, depending on the compound. A small fraction (3 out of 17) of the 

micropollutants tested had a higher affinity for aged GAC, which was attributed to the 

biofilm grown on the GAC surface. However, most micropollutants had less affinity for 

aged GAC and 40-60% of the affinity loss occurred already after 20,930 bed volumes, 

corresponding to 6 months of use. Once the GAC adsorption capacity drops below 

threshold levels, GAC often needs to be reactivated.  

GAC reactivation consists of a thermal treatment which desorbs and oxidizes adsorbed 

substances from the GAC surface (Worch, 2012). This process requires high energy input 

and results in carbon loss and release of pollutants into the atmosphere (Nath and Bhakhar, 

2011). The high energy input leads to greenhouse gas emissions. For instance, Mousel et al. 

(2017) compared ozonation, application of powder activated carbon and GAC filters, as 

technologies to increase micropollutants removal in wastewater treatment plants. The 

authors conclude that the latter has the highest energy demand and greenhouse gas 

emissions per volume of treated water and this demand is due to production of the carbon 

material, rather than transport and energy required for operation. In a different study where 

different technologies (ozonation, UV irradiation and GAC filtration) for upgrading a 

drinking water treatment plant are compared, GAC filtration has the lowest energy demand 

and carbon footprint. Yet, 80% of the total energy demand and carbon footprint originate 

from GAC reactivation (Mo et al., 2018). Developments for reducing the GAC reactivation 

frequency or for more sustainable regeneration methods will contribute to increase 

sustainability of GAC filtration, while guaranteeing production of safe drinking water.  

1.3.2 Biodegradation  
Micropollutants biodegradability varies greatly depending on the micropollutant and on the 

conditions in which it is assessed. For some micropollutants, biodegradation or recalcitrance 
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is consistent across studies. For instance, ibuprofen and caffeine are often reported as 

significantly biodegraded (>70%) in wastewater treatment whereas carbamazepine is 

consistently reported as poorly biodegraded (<40%) (Grandclément et al., 2017; Luo et al., 

2014). For another set of micropollutants, reported biodegradability varies greatly 

depending on the study. For instance, no or poor (<25%) diclofenac biodegradation was 

observed in several studies with activated sludge (Falås et al., 2016; Fernandez-Fontaina et 

al., 2014), whereas significant biodegradation could be achieved in specific conditions, such 

as post-treatment in sequencing batch reactors with attached biomass (Falås et al., 2016) or 

after biomass adaptation (>400 days) (Suarez et al., 2010). 

The poor biodegradability of several micropollutants is related to their complex molecular 

structures (Cirja et al., 2008) and occurrence at low concentrations (Ehrl et al., 2019). 

Biodegradation pathways and involved microorganisms are only known for a limited 

fraction of the micropollutants. This knowledge gap is a consequence of the vast diversity of 

micropollutants in the environment and the fact that their detection in water has only 

started in the last decades. For instance, the melamine biodegradation pathway has been 

described in the early 80’s (Jutzi et al., 1982), whereas pyrazole biodegradation has first been 

reported in 2017 (Bertelkamp et al., 2017). The degradation pathway and microorganisms 

responsible for it remain unknown.  

To estimate the fate of micropollutants and other organic contaminants in (waste)water 

treatment and in the environment, efforts have been made to predict biodegradability based 

on the compound molecular structure (Aronson et al., 2006; Tadkaew et al., 2011). Tadkaew 

et al. (2011) reported a positive correlation between the presence of electron donating 

groups (e.g. hydroxyl or amine groups) on the molecule and its biodegradability. Similarly, 

the presence of electron withdrawing groups (e.g. chlorine atoms and amide groups) makes 

the compound less susceptible to biodegradation. However, it is no surprise that the 

predictability of these models is limited, due to insufficient and variable experimental data 

used as input for their calibration (Aronson et al., 2006).  Additionally, biodegradability of a 

compound is highly dependent on the composition of the microbial community and the 

environmental conditions, which makes it difficult to extract more general conclusions.  

Two important aspects of micropollutants biodegradation are discussed below. The first 

(cometabolism vs. metabolism) is related to the relative concentrations of the 

micropollutants in relation to other sources of organic carbon and energy. The second is an 
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environmental condition related to the availability of electron acceptors for the 

micropollutants oxidation.   

1.3.2.1 Cometabolic biodegradation 
Micropollutants are expected to be biodegraded in (waste)water treatment via cometabolism 

(Tran et al., 2013). Cometabolism is defined as the “transformation of a non-growth 

substrate in the obligate presence of a growth substrate or another transformable 

compound” (Dalton and Stirling, 1982). Micropollutants are the non-growth substrates 

while other compounds present in (waste)water at higher concentrations serve as growth 

substrates. Metabolism, on the other hand, consists in the degradation of a substrate 

providing energy to sustain microbial activities, including growth and cell division (Fischer 

and Majewsky, 2014). At trace concentrations, the energy gained from micropollutants 

degradation is thought to be insufficient to sustain microbial activities (Tran et al., 2013). 

Therefore, it is assumed that cometabolism is the main mechanism for micropollutants 

biodegradation in (waste)water treatment.   

Cometabolic degradation is a consequence of the ability of a certain enzyme to degrade 

different substrates (low substrate specificity) (Criddle, 1993). A classical and relevant 

example of micropollutants degradation in wastewater treatment is cometabolic 

degradation by ammonium-monooxygenase, the enzyme involved in nitrification. 

Cometabolic biodegradation of several micropollutants in nitrifying conditions has been 

reported (Fernandez-Fontaina et al., 2014; Kumwimba and Meng, 2019; Yu et al., 2018).  

1.3.2.2 Redox conditions 
Redox conditions play an important role in micropollutants biodegradation (Falås et al., 

2013). Several micropollutants are degraded exclusively or at higher rates in oxic conditions 

(Falås et al., 2013; Suarez et al., 2010). Additionally, as mentioned previously, several 

micropollutants are biodegraded in nitrifying conditions, i.e., in the presence of both 

ammonium and oxygen. Nonetheless, studies demonstrate that the combination of oxic and 

anoxic steps contributes to increasing micropollutants removal and reducing toxicity of 

wastewater, together with the addition of electron acceptors (Völker et al., 2017, 2016). 

Moreover, micropollutants biodegradation in sulphate-reducing and methanogenic 

conditions has also been reported (Alvarino et al., 2014; Gonzalez-Gil et al., 2017; Jia et al., 

2019).  
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1.3.2.3 Synergy between adsorption and biodegradation 
One possible way of developing more sustainable methods to regenerate GAC is by 

exploring the advantages of micropollutants biodegradation in combination with 

adsorption. Microorganisms capable of micropollutants degradation can benefit from the 

presence of GAC in different ways. Micropollutants adsorption allows their accumulation 

on the GAC surface, resulting in high concentration spots close to the surface and increased 

contact time between biomass and micropollutants (Çeçen and Aktaş, 2012). Additionally, 

adsorption can buffer shock loads (Bourneuf et al., 2016; Cha et al., 1998; Li and Moe, 2005), 

remove degradation products and reduce the effect of toxic or inhibitory compounds that 

might be present in the water (Çeçen and Aktaş, 2012). Moreover, the rough surface of GAC 

protects the biofilm from shear stress (Abromaitis et al., 2017). Finally, desorption of 

previously adsorbed molecules results in a second flux of substrate to the biofilm from the 

GAC, allowing biomass to be active at higher biofilm depths (Herzberg et al., 2006). As a 

consequence, GAC filters harbour a more diverse microbial community and remove more 

micropollutants via biodegradation than other less adsorptive materials, such as anthracite 

(Greenstein et al., 2018), or anthracite and sand filters (Zhang et al., 2017). The synergy 

between GAC and microorganisms can therefore favour micropollutants biodegradation 

compared to non-adsorbent biofilm carrying materials.  

Despite the potential of micropollutants removal through biodegradation in GAC filters, 

little is known about the relevance of this removal process in full-scale applications. Pilot-

scale studies have demonstrated biodegradation of micropollutants, including benzotriazole 

and iopromide, in GAC filters (Altmann et al., 2016; Greenstein et al., 2018). However, due 

to the difficulties in distinguishing adsorption from biodegradation, the relative 

contribution of both processes to micropollutants removal in GAC filters is to a large extent 

unknown. 

Micropollutants biodegradation in GAC filters benefits their removal through adsorption in 

several ways. Firstly, micropollutants biodegradation reduces their concentration in the 

liquid phase, so less adsorption capacity is needed (Ma et al., 2018; Scharf et al., 2010). 

Secondly, in case of micropollutants desorption from GAC, biodegradation can still remove 

them from the liquid, preventing their presence in the filter effluent (Herzberg et al., 2005). 

Finally, the biodegradation of previously adsorbed micropollutants contributes to releasing 

adsorption sites and, consequently, bioregenerating GAC adsorption capacity (Ma et al., 
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2018; Scharf et al., 2010). All these factors combined can extend the life time of the filters and 

reduce the need for GAC thermal reactivation (Greenstein et al., 2018).  

1.4 Granular activated carbon bioregeneration 
Bioregeneration of GAC is achieved when microbial activity contributes to freeing 

previously occupied adsorption sites (Figure 1.2). In the absence of biodegradation, a 

micropollutant adsorbs to the GAC until equilibrium is reached. The ratio between the 

adsorbed and desorbed states of a certain micropollutant are directly related to its affinity 

for the GAC and the availability of adsorption sites on the GAC surface. If the 

micropollutant is biodegraded, its removal from the liquid phase promotes desorption from 

the GAC due to a gradient in the concentration from the GAC to the liquid. This process 

results in GAC bioregeneration.   

Figure 1.2: Schematic drawing of bioregeneration mechanisms: Biodegradation removes 
micropollutants from the liquid phase promoting their desorption and consequently GAC 
bioregeneration. 

1.4.1 Mechanisms of GAC bioregeneration 
Adsorbed micropollutants are spatially separated from microorganisms, hence 

microorganisms cannot physically reach the micropollutants. This occurs because 

prokaryotic cells are typically of the order of 0.5 µm to 10 µm (Alupoaei et al., 2004; de 

Duve, 1996), whereas pores where adsorption takes place (meso- and micropores) have 

diameters smaller than 0.05 µm. In light of this size-exclusion effect, two different 

bioregeneration mechanisms have been proposed in literature, with the core difference 

Des
or

pt
i

Biodegradation

Yes

Adsorption/
desorption
equilibrium

Bio�lm 
growth

Adsorption

No

Yes

Biodegradation

Desorptio
n



Chapter 1 

22 

being the state (adsorbed or dissolved) of the micropollutant upon its biodegradation (Aktaş 

and Çeçen, 2007). 

One mechanism describes bioregeneration based on the adsorption-desorption equilibrium. 

Here, it is assumed that the adsorbed fraction of a compound is not available for 

biodegradation. Biodegradation of micropollutants in the liquid phase can reduce their 

concentrations to such levels that desorption occurs (Abromaitis et al., 2016). This process 

continues as long as desorption is not hindered and enough biodegradation takes place. 

Hence, adsorption reversibility is one of the main limiting factors for bioregeneration 

according to this mechanism (Nath and Bhakhar, 2011).   

Another possible bioregeneration mechanism occurs through the activity of exoenzymes. 

Exoenzymes can access part of the pores where micropollutants are adsorbed, and 

subsequently degrade them. Degradation products can desorb to the bulk solution as they 

usually have less affinity for the GAC, after which they can be degraded by microorganisms 

(Aktaş and Çeçen, 2007). These two bioregeneration mechanisms are not necessarily 

contradictory as one or the other can be more relevant depending on the compound being 

degraded and the pore size fraction being bioregenerated (Sirotkin et al., 2001).   

1.4.2 Quantifying GAC bioregeneration 

Most bioregeneration studies separate adsorption and biodegradation as two different steps 

(Aktaş and Çeçen, 2009, 2006b; Kew et al., 2016; Toh et al., 2013). The separation of the 

adsorption and bioregeneration step is often referred to as offline bioregeneration (Aktaş 

and Çeçen, 2007; Vinitnantharat et al., 2001). With offline bioregeneration, quantification of 

the removal processes adsorption and biodegradation, and bioregeneration itself is more 

straight-forward. Using this approach and acclimated biomass, Toh et al. (2013) obtained 

bioregeneration efficiencies ranging from 47-79% for GAC loaded with phenol and 33-65% 

for GAC loaded with o-cresol. Within a certain range, the authors observed higher 

bioregeneration efficiencies for higher GAC loads (Toh et al., 2013). At higher GAC loads, 

low affinity adsorption sites are occupied after high affinity adsorption sites are exhausted 

(Pikaar et al., 2006). Adsorption from low affinity sites is more easily reversible, which 

reflects on higher bioregeneration efficiencies. Furthermore, bioregeneration of GAC loaded 

with phenol and other phenolic compounds to comparable extents has been reported, using 

similar approaches (Aktaş and Çeçen, 2006a; Chan et al., 2018).  
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If adsorption and biodegradation occur simultaneously (in situ bioregeneration), quantifying 

bioregeneration is less straight-forward. Abromaitis et al. (2017) studied GAC 

bioregeneration in inoculated filters treating influent containing metoprolol. The authors 

assessed the effects of in situ bioregeneration by comparing adsorption capacity, micropore 

volume and micropollutant removal after peak load for fresh, bioregenerated and non-

bioregenerated GAC. Bioregeneration can also be assessed by analysing non-adsorbable 

degradation products and performing mass balances (Smolin et al., 2020). Smolin et al. 

(2020) studied the spontaneous bioregeneration of a GAC filter treating 2-nitrophenol by the 

indigenous biomass grown in the filter during the study. The authors calculated 

bioregeneration at determined time intervals based on the nitrogen mass balance in the 

filter. Bioregeneration was detected in the time intervals when the amount of inorganic 

nitrogen products of 2-nitrophenol biodegradation were higher than theoretically possible 

based on the removal in that interval.  

The extension of GAC life-time due to biodegradation and occasionally GAC 

bioregeneration are often quantified by comparing performance of GAC inoculated with 

specialized biomass with non-inoculated GAC (Jones et al., 1998; Oh et al., 2011, 2012). 

However, the study of Smolin et al. (2020) and others studies (Jones et al., 1998) have shown 

that indigenous biomass capable of degrading micropollutants can spontaneouly grow on 

GAC and consequently promote bioregeneration. Considering these observations and the 

long time interval between GAC reactivation in drinking water treatment plants (up to 

several years), a certain degree of spontaneous bioregeneration is expected to occur in full-

scale filters.  

1.5 Micropollutants studied in this thesis 
A group of 10 micropollutants was selected for the studies in this thesis (Table 1.1). This 

selection includes compounds with different applications and physico-chemical properties, 

which are presented in the experimental chapters according to their relevance to each study. 

The selection criteria included: 1) their presence in drinking water sources; 2) their 

incomplete removal during drinking water treatment; 3) the possibility of measuring them 

at relevant concentrations with the analytical method developed during this thesis, using 

liquid chromatography and mass spectrometry.  



Chapter 1 

24 

Table 1.1: Organic micropollutants studied in this thesis. 

Micropollutant Application 

Benzotriazole Corrosion inhibitor1 

Desphenyl-chloridazon Biodegradation product of the pesticide chloridazon2 

Diclofenac Anti-inflammatory drug3 

Guanylurea Biodegradation product of metformin4 

Hexamethylenetetramine Industrial chemical with diverse applications5 

Iopamidol X-ray contrast agent6

Iopromide X-ray contrast agent7

Melamine Production of resins8

Metformin Antidiabetic drug4

Pyrazole Precursor of pharmaceuticals and pesticides9,10

1Shi et al. (2019); 2Buttiglieri et al. (2009); 3Kosjek et al. (2009); 4Briones and Sarmah (2018); 5Taghdiri and 
Zamani (2013); 6Kormos et al. (2010); 7Müller et al. (2019); 8El-Sayed et al. (2006); 9Ganguly and Jacob 
(2017);10He et al. (2017). 

All these compounds have been detected in the intake water used for drinking water 

production in the Netherlands (Kools et al., 2019; RIWA-Maas, 2016). Diclofenac is included 

in the Watch List (Directive 2013/39/EU), a list established under the Water Framework 

Directive (Directive 2000/60/EC), containing pollutants in the aquatic environment that have 

to be monitored by EU member states. This list aims to determine the risk these compounds 

pose to the aquatic environment and whether EU environmental quality standards should 

be set for them. Pyrazole, melamine and hexamethylenetetramine were detected in Dutch 

surface waters at concentrations exceeding the derogation limit from 2015 to 2018 (Kools et 

al., 2019; Nieuwenhuizen, 2017; RIWA-Maas, 2016; RIWA-Rijn, 2018, 2016). Additionally, 

several studies have found these compounds in different water streams (Loos et al., 2009, 

2010; Pérez and Barceló, 2007; Ruff et al., 2015; Scheurer et al., 2012; Seitz and Winzenbacher, 

2017). Benzotriazole is one of the compounds detected at highest frequency (>90% of the 

samples) and highest concentrations (8 µg/L) in European surface water (Loos et al., 2009). 

In the Rhine river, benzotriazole and metformin were listed as two of the main contaminants 

(Ruff et al., 2015). Metformin is one of the pharmaceuticals most consumed worldwide and 

guanylurea is its degradation product (Scheurer et al., 2012). Metformin and guanylurea 

have been found in surface water in Germany and the Netherlands at concentrations up to 5 

µg/L and 28 µg/L respectively, which are among the highest reported for micropollutants in 

surface water (Scheurer et al., 2012). Desphenyl-chloridazon, the dead-end degradation 

product of the herbicide chloridazon (Buttiglieri et al., 2009), and melamine were found in a 



General introduction  

25 

1 

water protection area in Germany at concentrations up to 1.2 µg/L and 0.6 µg/L respectively 

(Seitz and Winzenbacher, 2017). Desphenyl-chloridazon was also detected in several 

groundwater samples in Europe at concentrations exceeding the legal limit (0.1 µg/L) for 

pesticides and its degradation products (Loos et al., 2010). X-ray contrast media like 

iopromide and iopamidol are present in WWTP effluent at concentrations up to 9 µg/L and 

are frequently found in surface water at concentrations of 2 to 4 µg/L  (Pérez and Barceló, 

2007). These micropollutants are present in surface water because they are widely used and 

they are hydrophilic (Sjerps et al., 2016). Hydrophilic micropollutants are the least removed 

in WWTPs and in natural processes in the environment due to low adsorbability onto 

sediment, organic matter and sludge (Reemtsma et al., 2016). These properties also make 

these micropollutants difficult to be removed in the treatment steps of drinking water 

production.  

All compounds studied in this thesis, except for desphenyl-chloridazon, have been reported 

to be biodegradable under specific conditions (Brunner et al., 2020; El-Sayed et al., 2006; 

Elizalde-Velázquez and Gómez-Oliván, 2020; Kormos et al., 2010; Langenhoff et al., 2013; 

Middelhoven and Doesburg, 2007; Schulz et al., 2008; Tisler and Zwiener, 2019; Wagner et 

al., 2020). However, the extent to which these micropollutants are biodegraded varies 

greatly, depending on the study. For instance, metformin biodegradation is commonly 

observed in wastewater treatment, whereas its biodegradation in sand filters used for 

drinking water production is location-dependent (Marcantonio et al., 2020). Additionally, 

studies report guanylurea biodegradation in anoxic conditions or in oxic conditions after 

sludge acclimation (Tisler and Zwiener, 2019), although this micropollutant had been often 

regarded as a dead-end degradation product of metformin. Similar variability is observed 

for the other micropollutants studied in this thesis, except for despenhyl-chloridazon, for 

which no biodegradation has been reported (Altmann et al., 2016; El-Sayed et al., 2006; 

Knopp et al., 2016; Xu et al., 2013). 

1.6 Knowledge gaps 
The above review of the state of art knowledge on micropollutants removal in GAC filters 

has indicated various knowledge gaps regarding adsorption of hydrophilic micropollutants 

onto GAC, their biodegradation in the filters and the resulting GAC bioregeneration.  

First, the degree to which several hydrophilic micropollutants adsorb to GAC is unknown. 

Knowledge regarding the properties of GAC, e.g., pore size distribution and charge, and 
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micropollutants, e.g., molecular weight and structure, determining adsorption capacity and 

rate will contribute to increase their removal with GAC.  

Second, micropollutants biodegradation by biomass growing in GAC filters remains to a 

large extent unknown, mainly due to the difficulties in distinguishing adsorption and 

biodegradation as removal mechanisms. Most studies reporting micropollutants 

biodegradation are performed in setups representing wastewater treatment conditions. 

Knowledge regarding micropollutants biodegradation in drinking water systems is limited 

and originate mostly from filters with non-adsorbing media, like sand filters. Assessing 

micropollutants biodegradation by biomass from GAC filters can contribute to determining 

the potential of this biomass extend the life time of the filters.  

Finally, most GAC bioregeneration studies use phenol or phenolic compounds. Few studies 

report bioregeneration of GAC loaded with micropollutants. One of the key differences 

between these substrates is the reversibility of their adsorption. Phenol and some phenolic 

compounds are known to undergo oxidative polymerization on the GAC surface, leading to 

their irreversible adsorption, which can limit the extent of bioregeneration (Dabrowski et al., 

2005). Reversibility of micropollutants adsorption to GAC is to a large extent unknown, as 

well as the extent to which GAC loaded with micropollutants can be bioregenerated.  

1.7 Objectives and outline of this thesis 
This thesis explores the potential of using microbial degradation of micropollutants to 

regenerate GAC adsorption capacity and reduce the need for thermal reactivation. To 

achieve this, the adsorbability and biodegradability of a selection of micropollutants is 

assessed. Furthermore, adsorption, biodegradation and consequent GAC bioregeneration 

are studied in more detail using melamine as a model micropollutant. An overview of this 

thesis is presented in Figure 1.3. 

Micropollutants adsorption rate and affinity for 2 types of GAC, a mesoporous chemically 

activated and a microporous thermally activated GAC are described in Chapter 2. A 

combination of experimental and modelling work was used to identify the properties of 

GAC and of micropollutants determining adsorption capacity and rate.  

Micropollutants adsorption rate and affinity for 2 types of GAC, a mesoporous chemically 

activated and a microporous thermally activated GAC are described in Chapter 2. A 
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combination of experimental and modelling work was used to identify the properties of 

GAC and of micropollutants determining adsorption capacity and rate.  

Figure 1.3: Overview of experimental chapters in this thesis. 

Biodegradation of micropollutants by indigenous biomass grown in GAC filters from a full 

scale drinking water treatment plant is described in Chapter 3 to elucidate the potential of 

this biomass extend the life time of the filters. In this chapter, the effect of GAC aging on 

adsorption capacity is quantified, as well as the effect of temperature on micropollutants 

adsorption.  

In Chapters 4 and 5 the bioregeneration of GAC was assessed, using melamine as a model 

micropollutant and melamine degrading biomass. The most favourable conditions for 

melamine biodegradation were investigated and the limiting factors for (offline) GAC 

bioregeneration are elucidated in Chapter 4. The extension of filter life-time and 

simultaneous bioregeneration is crucial to understand the potential of applying this process 

in practice. This was assessed in lab-scale GAC filters (Chapter 5). Adsorption breakthrough 

curves were modelled to demonstrate the additional value of biodegradation for melamine 

removal.  
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The research findings of the experimental chapters are discussed in relation to the 

application of bioregeneration in water treatment in Chapter 6. Furthermore, opportunities 

for future research are identified, which should be carried out in order to support the design 

of more sustainable water treatment technologies relying on adsorption to GAC. 
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Chapter 2

Diffusion of hydrophilic organic micropollutants 
in granular activated carbon with different pore 
sizes
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ABSTRACT 

Hydrophilic organic micropollutants are commonly detected in source water used for 

drinking water production. Effective technologies to remove these micropollutants from 

water include adsorption onto granular activated carbon in fixed-bed filters. The rate-

determining step in adsorption using activated carbon is usually the adsorbate diffusion 

inside the porous adsorbent. The presence of mesopores can facilitate diffusion, resulting in 

higher adsorption rates. We used two different types of granular activated carbon, with and 

without mesopores, to study the adsorption rate of hydrophilic micropollutants. 

Furthermore, equilibrium studies were performed to determine the affinity of the selected 

micropollutants for the activated carbons. A pore diffusion model was applied to the kinetic 

data to obtain pore diffusion coefficients. We observed that the adsorption rate is influenced 

by the molecular size of the micropollutant as well as the granular activated carbon pore 

size.  
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2.1 Introduction 
Anthropogenic organic micropollutants (OMPs), like pharmaceuticals, industrial chemicals, 

pesticides, and their transformation products, are often found in surface and groundwater 

(Christoffels et al., 2016; Loos et al., 2010; Ruff et al., 2015; Scheurer et al., 2009). OMPs may 

enter the environment via the effluent of wastewater treatment plants and runoff from 

agricultural land. In the past decades, dozens of OMPs have been detected in water bodies 

used for drinking water production (Sjerps et al., 2016; ter Laak et al., 2014). Amongst other 

reasons, this is related to the advance of analytical techniques,  which have become more 

sensitive and selective (Reemtsma et al., 2016; Ternes, 2007). Due to increasing use of 

anthropogenic organic chemicals, the contamination of surface and drinking water with 

OMPs will likely increase in the future.  

Polar OMPs are less efficiently removed in wastewater treatment plants as well as in 

drinking water treatment plants (Reemtsma et al., 2016). Screening studies have revealed a 

relative increase in polar compounds in drinking water samples compared to composition in 

surface or groundwater (Sjerps et al., 2016). It is often found that the concentration of OMPs 

in drinking water exceeds 1 µg/L (RIWA-Maas, 2016), which indicates the need for 

improving current drinking water treatment technologies. 

Adsorption onto activated carbon (AC) in fixed-bed filters is one of the main steps for OMP 

removal during drinking water production from surface water sources (Stackelberg et al., 

2007; Ternes, 2007; Ternes et al., 2002). Although, activated carbon is known to be more 

effective for adsorption of hydrophobic compounds, removal of hydrophilic compounds 

has been also reported  (Nam et al., 2014; Nguyen et al., 2012). Technologies involving 

adsorption onto AC are cost-effective and normally no transformation products are formed, 

in contrast to advanced oxidation processes (Gunten, 2018; Miklos et al., 2018). Drawbacks 

of AC adsorption technologies include the high energy consumption for AC regeneration 

and slow adsorption kinetics (Worch, 2012). Nevertheless, adsorption onto activated carbon 

is still regarded as an effective step to remove OMPs from wastewater and drinking water 

(Katsigiannis et al., 2015).  

Activated carbon is a versatile adsorbent due to its affinity for a wide range of compounds 

and large internal surface area (Nath and Bhakhar, 2011; Worch, 2012). The large surface 

area of AC originates from the complex internal porous structure, formed during the 

activation process. To reach the internal surface area where adsorption takes place, the 

OMPs must diffuse from the solution into the pores. We can distinguish three different 
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compartments in which transport takes place: 1) the bulk solution, 2) the thin film layer 

around the AC particle, and 3) the inside of the particle. The transport in the intra-particle 

compartment is due to surface and pore diffusion. In surface diffusion, the OMP that is 

adsorbed onto the AC surface is transported along the carbon internal surface, whereas in 

pore diffusion the OMP is transported in the liquid phase within the carbon pores. 

Adsorption kinetics are determined by film, surface and/or pore diffusion, although the 

relative contributions are dependent on such parameters as mixing regime, adsorbent type 

and adsorbate properties. It is important to note that in practice it is often difficult to 

distinguish between surface and pore diffusion (Valderrama et al., 2008).  

The rate limiting step during adsorption process of OMPs onto AC can be identified 

through modelling approaches accounting for the properties of both adsorbate and 

adsorbent. Lower diffusion rates reduce the efficiency of AC filters due to a more dissipated 

area between loaded and unloaded zones in the filter bed. Consequently the adsorbate is 

found in the effluent before the filter bed has been used to its maximum adsorption capacity 

(Worch, 2012). By modelling the adsorption kinetics of different OMPs onto activated 

carbon, the apparent diffusion coefficient of the micropollutant in activated carbon can be 

obtained. This information can then be used to model and optimize removal of OMPs in AC 

filters. 

In this study we assess the affinity of hydrophilic OMPs for two different types of granular 

activated carbon (GAC) with different pore structure and develop a theoretical model, based 

on pore diffusion, to describe the adsorption kinetics. Adsorption isotherms and kinetic 

experiments were used as input for the model to obtain apparent pore diffusion coefficients 

of 9 OMPs of different sizes using 2 GACs with different pore sizes. The results provide 

insight in which of the characteristics of OMPs and ACs affect the adsorption rate. 

2.2 Diffusion model 
Several models have been presented in literature to describe adsorption kinetics in porous 

adsorbents. Some models assume that the transport rate is determined by the adsorption of 

the adsorbate onto the adsorbent surface. They describe the adsorption rate as a chemical 

reaction (Ocampo-Pérez et al., 2015). Examples of models using this approach are pseudo-

first-order  and pseudo-second-order kinetic models as described by Ho et al. and Blanchard 

et al. (Blanchard et al., 1984; Ho and McKay, 1998). Such models usually fit the data well, but 

have limited predictive value since the parameters have no physical meaning (Lesage et al., 

2010). On the other hand, some models assume that the adsorption rate is determined by 
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diffusion. Those are more realistic models based on parameters that are related to the 

physical and chemical properties of the adsorbent, such as adsorbent porosity and particle 

radius (Kyriakopoulos and Doulia, 2006). These models take into account film diffusion 

and/or intra-particle diffusion (Hung and Lin, 2006; Lee and Mckay, 2004; Valderrama et al., 

2008).  

Intra-particle diffusion can be modelled based on surface and/or pore diffusion, depending 

which process determines the rate in the system studied. In some studies pore diffusion is 

described as the dominant transport mechanism (Ocampo-Pérez et al., 2012b), others find a 

greater contribution from surface diffusion (Ocampo-Pérez et al., 2011, 2010; Zhu et al., 

2016), or conclude that both transport processes are relevant (Souza et al., 2017). In general, 

it is difficult to distinguish between surface and pore diffusion in practice. There are no 

known properties of the adsorbate and the GAC, nor known conditions of the adsorption 

process that determine the dominant transport mechanism. Ocampo-Pérez et al. (2015) 

found that low adsorption capacity of the carbon towards an adsorbate resulted in a higher 

relative contribution of pore diffusion to the intraparticle diffusion. We assume that pore 

diffusion will be a relevant diffusion mechanism of hydrophilic compounds in GAC given 

their lower affinity in comparison to hydrophobic compounds.  

We used a pore diffusion model (PDM) to describe the mass transfer of micropollutants 

towards the internal surface of activated carbon. All OMPs studied in our experiments are 

hydrophilic, which have in general a lower affinity for AC than hydrophobic 

micropollutants. Pore diffusion, therefore, was expected to be the dominant mass transfer 

mechanism. In the model, we consider only pore diffusion for the mass transfer inside the 

pores. Comparable models have been reported in literature (Ocampo-Pérez et al., 2012a, 

2012b; Souza et al., 2017). In the PDM, the AC granules are assumed to be spherical with a 

constant diameter and homogeneous distribution of adsorption sites. To evaluate the 

transport and concentration profiles of adsorbate in the pore, 𝑐𝑐𝑃𝑃 (µmol/L), and the adsorbent 

loading, 𝑞𝑞𝑝𝑝 (µmol/g), in a spherical particle of porous adsorbent, the following mass balance 

equation can be set up 

𝜌𝜌𝑝𝑝
𝜕𝜕𝑞𝑞𝑝𝑝
𝜕𝜕𝜕𝜕 + 𝜀𝜀𝑝𝑝

𝜕𝜕𝑐𝑐𝑃𝑃
𝜕𝜕𝜕𝜕 = 𝑑𝑑𝑝𝑝 �

𝜕𝜕2𝑐𝑐𝑝𝑝
𝜕𝜕𝑟𝑟2 +

2
𝑟𝑟
𝜕𝜕𝑐𝑐𝑝𝑝
𝜕𝜕𝜕𝜕 � 

(2.1) 
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where 𝜌𝜌𝑝𝑝 is the activated carbon apparent density (g/L), 𝑡𝑡 is time (s), 𝜀𝜀𝑝𝑝 is the AC porosity 

(dimensionless), 𝑑𝑑𝑝𝑝  is the pore diffusion coefficient (m2/ s) and 𝑟𝑟 is the radius of the 

adsorbent particle (m). The fitting parameter in the model was 𝑑𝑑𝑝𝑝. All other parameters 

were either calculated, measured or obtained from the AC supplier. AC porosity was 

calculated based on the ratio between the material apparent density and skeleton density. 

Details are given in the Supplementary Information (SI) 1. The particle radius used was the 

arithmetic mean of the particle size range (3.75 x 10-4 m). 

At each point in the pore of the granule we assume a local equilibrium between the OMP 

concentration in the pore liquid and the adsorbent loading. This equilibrium is described by 

the Langmuir equation (Langmuir, 1918) given by 

𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒

1 + 𝐾𝐾𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒
 (2.2) 

where 𝑞𝑞𝑒𝑒𝑒𝑒 is the AC load at equilibrium (µmol/g), 𝑞𝑞𝑚𝑚 is the maximum adsorption capacity of 

the adsorbent (µmol/g), 𝐾𝐾𝐿𝐿  is the Langmuir constant (L/µmol) and 𝑐𝑐𝑒𝑒𝑒𝑒  is the micropollutant 

concentration at equilibrium (µmol/L).  

Two boundary conditions are defined:  

1) The micropollutant concentration in the bulk solution is equal to the concentration in the 

AC pores at the boundary with the solution (𝑟𝑟 = 𝑟𝑟𝑝𝑝). This condition is based on the 

assumption that transport limitation due to film diffusion can be neglected.  

𝑐𝑐𝑝𝑝 = 𝑐𝑐𝑙𝑙  𝑓𝑓𝑓𝑓𝑓𝑓 𝑟𝑟 = 𝑟𝑟𝑝𝑝 (2.3) 

2) In the center of the particle (𝑟𝑟 = 0) the flux is zero.  

𝜕𝜕𝑐𝑐𝑝𝑝
𝜕𝜕𝜕𝜕 = 0 𝑓𝑓𝑓𝑓𝑓𝑓 𝑟𝑟 = 0.  (2.4) 

In order to solve Equations 2.1 to 2.4, a mass balance was setup for the batch experiments. 

Details are given in SI (S2.1). 

2.3 Materials and methods 
2.3.1 Granular activated carbon  
Two different types of GAC were used in the experiments: AcquaSorbTM K-CS from Jacobi® 

(CS), a coconut shell carbon thermally activated and C Gran from Norit® (CG), a wood 
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based carbon chemically activated with phosphoric acid. Textural properties were measured 

with nitrogen adsorption-desorption isotherms at 77 K using a Micrometrics TriStar 3000, 

details are given in SI (S2). The ACs differ in micro and mesoporosity (Table 2.1). 

Micropores constitute almost the entire internal surface area of CS, whereas micropores 

represent around 68% of the CG internal surface area and the remaining fraction is formed 

by mesopores.  

Table 2.1: Textural properties of the activated carbons used in this study.  

 Activation 

method 

Micropore 

surface area 

(m²/g) 

Mesopore 

surface area 

(m²/g) 

Micropore 

volume (cm³/g) 

Mesopore 

volume 

(cm³/g) 

CG Chemical 711 334 0.32 0.43 

CS Steam  1248 48 0.51 0.04 

Granules were sieved to obtain particles with a diameter between 0.5 mm and 1 mm. After 

sieving, granules were washed with demineralized water for one hour, dried and stored 

dried. Before the experiments, GAC was dried overnight at 105 °C, weighed and boiled in 

demineralized water to remove entrapped air.  

2.3.2 Organic micropollutants 
A mixture of 10 OMPs was used in this study: 1H-benzotriazole (BTA), desphenyl-

chloridazon (DPC), diclofenac (DCF), guanylurea (GNR), hexamethylenetetramine (HMTA), 

iopamidol (IOP), iopromide (IOPR), melamine (MEL), metformin (MET) and pyrazole 

(PRZ). DPC was purchased from Santa Cruz Biotechnology and AKOS, IOP was purchased 

from Sigma Aldrich and AKOS, IOPR was purchased from Sigma Aldrich and Bayer, PYR 

was purchased from Merck and all other micropollutants were purchased from Sigma 

Aldrich. Table 2.2 shows their distribution coefficient (Log 𝐷𝐷𝑂𝑂𝑂𝑂), molecular weight and 

maximum projection area. Log 𝐷𝐷𝑂𝑂𝑂𝑂 is related to the log 𝐾𝐾𝑜𝑜𝑜𝑜 and pKa of a molecule as 

described by Equations 2.5 and 2.6 (de Ridder et al., 2010). For neutral molecules, log 𝐷𝐷𝑂𝑂𝑊𝑊 

equals log 𝐾𝐾𝑜𝑜𝑜𝑜 . This parameter is often used to indicate hydrophilicity of a molecule, as 

hydrophilic compounds are characterized by a log 𝐷𝐷𝑂𝑂𝑂𝑂 <3.5 (Lima et al., 2015), given by  

Acids: log𝐷𝐷𝑂𝑂𝑂𝑂 = log𝐾𝐾𝑜𝑜𝑜𝑜 − log (1 + 10(pH−p𝐾𝐾𝐾𝐾)) (2.5) 

Bases: log𝐷𝐷𝑂𝑂𝑂𝑂 = log𝐾𝐾𝑜𝑜𝑜𝑜 − log (1 + 10(p𝐾𝐾𝐾𝐾−pH)). (2.6) 
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IOP and IOPR were the largest molecules in the study, followed by diclofenac, as indicated 

by their molecular weight and maximum projection area. At pH 7.5 GNR and MET are 

positively charged (Markiewicz et al., 2017a), DCF is negatively charged (de Ridder et al., 

2011) and the remaining OMPs are charge-neutral. 

These micropollutants were selected due to their relevance for drinking water treatment. 

They have recently been found in surface and groundwater in Europe at concentrations that 

might impair drinking water production free of organic contaminants (Alotaibi et al., 2015; 

Buttiglieri et al., 2009; RIWA-Maas, 2016; Ruff et al., 2015). 

Table 2.2: Log 𝐷𝐷𝑂𝑂𝑂𝑂 , molecular weight, maximum projection area and minimal projection diameter of 
micropollutants.  
Micropollutant Log 𝐷𝐷𝑂𝑂𝑂𝑂   

at pH 7.01 

Molecular 

weight 

(g/mol) 

Maximum 

projection area 

(A2)3 

Minimal 

projection 

diameter (A)3 

1H-benzotriazole 1.232  119.13 41.23 7.04 

Desphenyl-chloridazon -0.783 145.55 42.76 7.82 

Diclofenac 1.374 to 35 296.15 69.33 9.70 

Guanylurea -2.063 102.10 38.38 6.40 

Hexamethylenetetramine 0.363 140.19 36.39 7.34 

Iopamidol  -2.45 777.09 131.62 14.14 

Iopromide  -2.15  791.12 129.57 14.38 

Melamine   -2.03 126.12 45.30 8.00 

Metformin  -4 to -3.26 129.17 43.96 7.50 

Pyrazole  0.02 68.08 26.57 5.94 

1: for BTA and PRZ, values reported in literature refer to Log Kow; 2: (Hart et al., 2004); 3: Marvin Scketch 
(v.16.9.12.0, ChemAxon Ltd.); 4: (Huntscha et al., 2012); 5: Margot et al. (2013);  6: ACD/Labs (V11.02).  

2.3.3  Adsorption experiments 

Adsorption isotherm experiments and kinetic experiments were performed by adding a 

known amount of GAC to a glass serum bottle containing a mixture of 10 OMPs and 

demineralized water buffered with 10 mM Na2HPO4 and 10 mM KH2PO4 at pH 7.5. All 

OMPs were present in similar molar concentrations. The bottles were closed with butyl 

rubber stoppers and wrapped in aluminium foil to prevent OMPs photodegradation. 

Experiments were conducted in duplicate, at 20°C and bottles were mixed at 120 rpm in 

horizontal position in an orbital shaker. The sample volume subtracted from each bottle was 
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0.5 mL at every sampling point. Samples were centrifuged for 10 minutes at 10,000 rpm in 

order to remove GAC particles, diluted when necessary and stored at -20°C before analyses.  

2.3.3.1 Isotherm experiments 
For isotherm experiments 10 different initial concentrations of micropollutants were used, 

ranging from 0.6 to 58 µM for CG or 1.0 to 120 µM for CS. The initial concentration used in 

the kinetic experiments are within this concentration range (section 3.3.2). GAC mass and 

total liquid volume were respectively 0.1 g and 100 mL for CG, and 0.05 g and 50 mL for CS. 

Equilibrium concentrations were measured at day 8 for CG and day 21 for CS, with the 

exception of diclofenac, which was measured at day 21 also for CG. AC load at equilibrium 

was calculated based on the mass balance shown in Equation 2.7 

𝑞𝑞𝑒𝑒𝑒𝑒 =  
(𝑐𝑐0 − 𝑐𝑐𝑒𝑒𝑒𝑒) ∗ 𝑉𝑉

𝑚𝑚𝐴𝐴

(2.7) 

where 𝑞𝑞𝑒𝑒𝑒𝑒  is the AC load at equilibrium (µmol/g), 𝑐𝑐0 is the initial adsorbate concentration 

(µmol/L), 𝑐𝑐𝑒𝑒𝑒𝑒  is the adsorbate concentration at equilibirum (µmol/L), 𝑉𝑉 is the liquid volume 

(L) and 𝑚𝑚𝐴𝐴 is the adsorbent mass (g).

The Langmuir model was used to fit the experimental data using a nonlinear-optimization 

method as suggested by Tran et al. (2017) starting from the linearized form of the model 

given by Equation 2.8 

1
𝑞𝑞𝑒𝑒𝑒𝑒

=
1

𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒
+

1
𝑞𝑞𝑚𝑚

. (2.8) 

2.3.3.2 Kinetic experiments 

Kinetic experiments were performed with initial OMP concentrations ranging from 34.7 to 

60.9 µM, 0.1 g of GAC and a total liquid volume of 100 mL. Samples were taken at time 0, 2 

minutes, 10 minutes, 30 minutes, 1 hour, 5 hours and days 1, 2, 4, 6, 8, 14 and 21. The final 

volume subtracted from the bottle due to this sampling campaign corresponded to less than 

7% of the total liquid volume. 

2.3.4 Chemical analyses 
Micropollutants were measured using liquid chromatography coupled to high-resolution 

accurate-mass mass spectrometry (LC-HRAM-MS). The LC consisted of a Ultimate 3000 

coupled through a Hesi II electrospray source to a QExactive Orbitrap MS (Thermo 

Scientific, San Jose, CA, USA). Sample volumes of 50 µL were injected onto an Atlantis T3 
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column (100 mm x 3 mm, 3 µm). Micropollutants were separated using gradient elution 

with a flow of 0.3 mL/min. Solvents were (A): water/ammonium formate 2mM/formic acid 

0.016% (v/v) and (B): methanol/ammonium formate 2 mM/formic acid 0.016% (v/v). All 

solvents used were UHPLC grade, purchased from Actu-All (The Netherlands). The 

gradient applied was: 0-2 min linearly increased to 45% B, 2-8 min linearly increased to 

100% B, 8-14.5 min stable at 100% B, decreased in 0.5 min to 0% B and stable at this condition 

until 20 min. The column temperature was maintained at 40°C. Micropollutants were 

detected in positive ionisation mode using electrospray. Three different full-scan windows 

were applied: 60 – 160 for pyrazole, 700 – 800 for iopamidol and iopromide and 60 – 900 for 

all other micropollutants. The following MS conditions were applied: spray voltage 3.5 kV, 

sheath and sweep gas flow rates 48 and 2 respectively, capillary temperature 256°C, aux gas 

heater temperature 413°C and resolution 70000. MS was calibrated for each series according 

to manufacturer protocol using a PierceTM LTQ Velos ESI Positive Ion Calibration Solution 

(Thermo Scientific). Peak identification and quantification was done with Thermo Xcalibur 

(version 2.2) software. 

2.4 Results and discussion 
2.4.1 Adsorption isotherms 
Adsorption isotherms were performed to study the affinity of the selected OMPs for both 

types of activated carbons. All micropollutants showed a higher affinity for CS (Figure 2.1), 

as shown in Table 2.3 (higher 𝐾𝐾𝐿𝐿 values), except for MET and GNR, which showed a higher 

affinity for CG (Figure 2.2). The affinity of OMPs for CG followed the order: 

DCF>IOPR>BTA>IOP>GNR>DPC>MEL>MET>PRZ. Affinity of OMPs for CS followed the 

order DCF>IOPR>IOP>BTA>MEL>DPC>PRZ>GNR. 𝐾𝐾𝐿𝐿 values for metformin with CS and 

hexamethylenetetramine with both GACs could not be calculated accurately because hardly 

any adsorption was observed.  

The maximum adsorption capacity of CS for some micropollutants can be higher than the 

𝑞𝑞𝑚𝑚 obtained in our experiments, given that the OMP concentrations applied were too low to 

reach CS saturation. Nevertheless, together with 𝐾𝐾𝐿𝐿, it is justified to use this parameter to 

describe the distribution of the OMPs between the adsorbed and dissolved phase in the 

concentration range used in the kinetic experiments. 

No OMP adsorption to butyl rubber stoppers was observed in controls without activated 

carbon (data not shown). 
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Figure 2.1: Benzotriazole, desphenyl-chloridazon, diclofenac and melamine adsorption isotherms with 
CG and CS. Lines represent Langmuir model (Equation 2.2). 

Figure 2.2: Guanylurea and metformin adsorption isotherms with CG and CS. Lines represent 
Langmuir model (Equation 2.2). 
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Table 2.3: Langmuir coefficients of adsorption isotherms and correlation coefficient between 
experimental data and model prediction. NA: not available.   

CG CS 

Micropollutant 𝐾𝐾𝐿𝐿 
(L/µmol) 

𝑞𝑞𝑚𝑚 
(µmo/g) 

R2 𝐾𝐾𝐿𝐿 
 (L/µmol) 

𝑞𝑞𝑚𝑚 
 (µmol/g) 

R2 

BTA 0.79 80.94 0.97 27.75 141.17 0.87 

DPC 0.11 66.00 0.94 6.45 108.41 0.97 

DCF 18.17 51.43 0.98 685.44 80.25 0.88 

GNR 0.19 87.87 0.97 0.01 202.15 0.94 

IOP 0.74 78.56 0.91 37.83 69.42 0.89 

IOPR 1.51 97.30 0.93 69.17 74.21 0.91 

MEL 0.09 60.14 0.91 12.64 109.32 0.98 

MET 0.06 95.07 0.96 NA NA NA 

PRZ 1.2E-05 4E04 0.91 0.07 59.53 0.91 

The higher carbon loading of CS with  OMPs for CS is most likely due to the larger 

micropore surface area of CS (Table 2.1). Stronger adsorption occurs in the micropores (Lu 

and Sorial, 2004) due to stronger interactions between the adsorbate and the pore walls (Li 

et al., 2002). A higher adsorption onto microporous AC compared to micro/mesoporous AC 

has previously been observed by Masson et al. (2016). Pyrazole showed low affinity for CS 

and almost no adsorption onto CG (Figure 2.3). The low removal with both ACs is most 

likely related to the small molecule size (MW only 68) in relation to the AC pore size, which 

reduces the strength of the interactions between the molecule and the pore walls.  

GNR, HMTA and MET showed a low affinity for the tested ACs. This may be related to 

their non-cyclic structure, restricting possible interactions of these micropollutants with the 

adsorbate. HMTA has a globular structure which restricts the available molecule surface for 

interaction with the AC. MET and GNR showed poor removal with activated carbon, as 

reported before (Scheurer et al., 2012). These are the only two positively charged molecules 

in our study, and both showed a higher affinity for CG than for CS. This is likely due to 

electrostatic interactions between these molecules and CG. Points of zero charge (pHPZC) 

values ranging between 3.5 and 4.2 have been reported for CG (Butkovskyi et al., 2018; 

Villacañas et al., 2006). On the other hand, thermally activated carbons produced from 

coconut shells, such as CS, have typically pHpzc values >9 (de Ridder et al., 2013; Dittmar et 

al., 2018; Largitte and Pasquier, 2016). Therefore, CG most likely has more negatively 

charged surface groups than CS at neutral pH. Higher adsorption of cationic compounds 
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compared with neutral and anionic compounds onto chemically activated carbons was also 

observed by Alves et al. (2018).  

Figure 2.3: Pyrazole and hexamethylenetetramine adsorption isotherms with CG and CS. Lines 
represent Langmuir model (Equation 2.2). 

All micropollutants studied are hydrophilic and no correlation between the degree of 

hydrophilicity (represented by log 𝐷𝐷𝑂𝑂𝑂𝑂) and their affinity for the GACs (represented by 𝐾𝐾𝐿𝐿) 

was observed. An exception to this observation was DCF, which had the highest log 𝐷𝐷𝑂𝑂𝑂𝑂 

and highest 𝐾𝐾𝐿𝐿. Poor or no correlation between log 𝐷𝐷𝑂𝑂𝑂𝑂 and affinity for GAC for hydrophilic 

compounds is in agreement with what has been previously reported (de Ridder et al., 2010; 

Kovalova et al., 2013; Nam et al., 2014). For hydrophilic compounds, relevant interactions 

between adsorbate and activated carbon surface include pi-pi interactions, hydrogen bonds 

(de Ridder et al., 2010) and electrostatic interactions (Margot et al., 2013). OMPs with 

aromatic rings (for instance BTA and DCF) can interact with the AC surface via pi-pi 

interactions. All OMPs from this study are capable of forming H-bonds with the functional 

groups of the AC and charged molecules (DCF, GNR and MET) are subject to electrostatic 

attraction or repulsion with charged groups from the AC surface.  

The high affinity of DCF and BTA for the ACs obtained in this experiment is in agreement 

with literature, as those micropollutants are often reported as highly adsorbable on 

activated carbon (Zietzschmann et al., 2016a, 2014). The Langmuir affinity constant of DCF 

with both ACs was at least tenfold higher than for the other micropollutants. High affinity 

of DCF for the ACs may be related to the higher log 𝐷𝐷𝑂𝑂𝑂𝑂 of DCF compared to the other 
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micropollutants studied (Table 2.2) and to the presence of two aromatic rings in the 

molecule, increasing the possibilities of pi-pi interactions (Bäuerlein et al., 2012).  

IOP and IOPR showed a relatively high affinity for both ACs in our experiments, whereas 

these micropollutants are often reported as weakly adsorbable (Kennedy et al., 2015; Margot 

et al., 2013; Rossner et al., 2009; Zietzschmann et al., 2014). The divergence between our 

results and what is often reported in literature for IOP and IOPR can be explained by the 

absence of background organic matter in our experiments. The presence of dissolved 

organic carbon in concentrations as low as 1.5 mg/L can reduce the adsorption of IOP to 

GAC by a factor of 7 compared to the adsorption in demineralized water (Ahn et al., 2015). 

Due to the large size of these micropollutants, their removal with AC is more affected by the 

presence of background organic matter compared with the smaller compounds 

(Zietzschmann et al., 2015), either due to pore blockage or competition for adsorption sites. 

The difference between CG and CS load (𝑞𝑞𝑒𝑒𝑒𝑒) for IOP and IOPR is smaller than for the other 

micropollutants (Figure 2.4). This indicates that not all micropore surface area of CS can be 

occupied by these molecules due to their large size, as predicted based on the molecules 

diameter (Table 2.2).  

Figure 2.4: Iopamidol and iopromide adsorption isotherms with CG and CS. Lines represent Langmuir 
model (Equation 2.2). 

Possible interactions between the adsorbates in the mixture have not been taken into 
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adsorption. Moreover, displacement of an adsorbate with lower affinity for the AC by 

another adsorbate with higher affinity was less than 8% in the kinetic experiments (at 

t>120 h), except for the pair guanylurea-CS in one of the replicates (18% decrease in

adsorbed amount between day 8 and day 21). Therefore we conclude that mixtures of OMPs

can be used to determine parameters for single solute isotherm and kinetic models.

2.4.2  Adsorption kinetics of OMPs onto GAC 
In the kinetic adsorption studies, the adsorption rate was related to OMP molecular size and 

GAC pore size. We observed that equilibrium was reached within 24 h for the small 

molecules (BTA, DPC, GNR, MEL, MET, PRZ), whereas for DCF, equilibrium was reached 

within 24 h for CG and within 120 h for CS. For IOP and IOPR, the largest molecules in the 

study, equilibrium was reached within 50 h for CG and 300 h for CS.  

Pore diffusion coefficients (𝑑𝑑𝑝𝑝) were obtained by fitting the Pore Diffusion model to the 

kinetic data for the OMP-GAC pairs (Table 2.4). The obtained values of 𝑑𝑑𝑝𝑝 are in the same 

range as previously reported for adsorption with activated carbon (Lesage et al., 2010; 

Ocampo-Pérez et al., 2012a). The value for 𝑑𝑑𝑝𝑝 was not calculated for PRZ with CG since 

almost no adsorption was observed nor for MET with CS and HMTA with both ACs. 

We observed a negative correlation between diffusion coefficients (𝑑𝑑𝑝𝑝) and molecular size 

(Figure S2.2), and a positive correlation between 𝑑𝑑𝑝𝑝 and the presence of mesopores in GAC 

for BTA, DPC, DCF, IOP and IOPR. For these OMPs, the adsorption rate was higher for CG 

than CS (Figure 2.5, Figure S2.3 and Figure S2.4), due to the presence of mesopores in CG 

(Table 2.1). For all micropollutants except for IOP and IOPR, the model curve was calculated 

using the average initial OMP concentration of the experimental duplicates. For IOP and 

IOPR with CG, the difference between the initial concentration of the duplicates was 

relatively high and thus two model curves were calculated using the initial concentrations of 

each duplicate . 
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Table 2.4: Fitted pore diffusion coefficient (𝑑𝑑𝑝𝑝) of OMPs in the two GACs, OMPs molecular weight 
(MW) and molecular diffusivities (𝐷𝐷) based on Equation 2.10 and GAC tortuosity (𝜏𝜏) values based on 
Equation 2.9. NA: not available.  

𝑑𝑑𝑝𝑝  (m2/s) D (m2/s) MW 

(g/mol) 

𝜏𝜏 

Micropollutant CG CS - - CG CS 

BTA 5.5*10-10 3.5*10-10 1.1*10-9 119.13 1.8 2.2 

DPC 3.5*10-10 3.0*10-10 1.2*10-9 145.55 2.3 2.3 

DCF 1.0*10-10 6.0*10-11 6.8*10-10 296.15 4.0 7.0 

GNR 3.0*10-10 3.0*10-10 1.5*10-9 103.00 3.3 2.9 

HMTA NA NA NA 140.19 NA NA 

IOP 4.0*10-11 2.0*10-11 5.0*10-10 777.09 8.9 15.6 

IOPR 5.5*10-11 2.5*10-11 4.8*10-10 791.11 7.1 12.5 

MEL 1.5*10-10 3.0*10-10 1.2*10-9 126.12 5.5 2.7 

MET 1.5*10-10 NA 1.0*10-9 129.17 4.6 NA 

PRZ NA 1.5*10-10 1.4*10-9 68.08 NA 3.7 

Figure 2.5: Diclofenac and iopamidol AC load in kinetic experiments. Experimental data and fitted pore 
diffusion model. Hollow and filled symbols represent duplicate batches. For iopamidol on CG, the two 
lines correspond to the model output with different initial concentrations. 

Due to the faster adsorption of some OMPs onto CG than CS, CG load with those OMPs was 

higher than CS in the beginning of the adsorption process, despite the OMPs higher affinity 
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for CS. The period during which CG load was higher than CS was proportional to the OMP 

molecular size: between 0.5 and 0.75 h for BTA and DPC, 12 h for DCF and between 25 and 

73 h for IOP and IOPR. After this period, the CS load with OMPs was higher than CG, as 

expected based on affinity parameters. This is consistent with the hypothesis that the 

adsorption rate is limited by intra-particle diffusion and that mesopores facilitate the 

adsorbate diffusion into the granule (Valderrama et al., 2008). This was also observed by 

Masson et al. (2016) with activated carbon cloths with different mesopore volumes. 

Mesoporous ACs have been reported to be more suitable for adsorption of bulky molecules 

(Liu et al., 2006; Nakagawa et al., 2004; Yuan et al., 2007) compared to microporous ACs, due 

to size exclusion. The overall affinity of the largest molecules tested (DCF, IOP and IOPR) is 

higher for CS than for CG. However, as discussed earlier, size exclusion effects of IOP and 

IOPR with CS can be observed in the isotherms, supporting the hypothesis that diffusion of 

these micropollutants in the micropores was hindered.  

Some OMPs (GNR, MEL, MET and PRZ) showed no correlation between 𝑑𝑑𝑝𝑝 and molecule 

size. PRZ is the smallest molecule in this study, but did not have the highest diffusion 

coefficient as could be expected based on its molecular weight. Moreover, GNR adsorbed at 

similar rates onto both ACs whereas MEL adsorbed faster onto CS (Figure 2.6) indicating 

that the presence of mesopores in CG  did not result in a faster adsorption rate of GNR and 

MEL onto this AC. No correlation between diffusion coefficient and affinity for the AC 

(represented by 𝐾𝐾𝐿𝐿) was observed either.  

The lack of correlation between 𝑑𝑑𝑝𝑝 and molecule size or affinity for the AC shows that 

properties of the OMP and/or GAC other than pore size also influence diffusion rates, such 

as AC chemical surface groups, OMP molecular shape, speciation, etc. In this study, it is not 

possible to distinguish the influence of mesopores from the effect of adsorbent surface 

chemistry because the used ACs differ in both aspects. A similar conclusion was obtained by 

Ocampo-Pérez et al. (2012a). In their study, no clear trend was obtained when comparing 

adsorption rates (given by second-order kinetics model) of compounds with different sizes 

onto GACs with different porosities. 
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Figure 2.6: Guanylurea and melamine AC load in kinetic experiments. Experimental data and fitted 
pore diffusion model. Hollow and filled symbols represent duplicate batches. 

The model describes the adsorption process after 0.5 h for the smaller molecules and after 

24 h for the larger molecules. For early stages, the model overestimates the adsorbed 

amount of OMP. This may indicate that film-diffusion limits adsorption rate at the 

beginning of the adsorption process. Intra-particle diffusion is less relevant at initial stages 

since adsorption starts at the outer layers of the AC granules. This has been described by 

Valderrama et al. (2008) for polycyclic aromatic compounds and activated carbon. In their 

study with PAHs, the initial steps of the adsorption process could not be represented by 

models considering intra-particle diffusion as rate limiting step, due to the small thickness 

of the reacted layer. Our study shows that this is also valid for smaller polar molecules.  

2.4.3 Pore diffusion coefficient  
The pore diffusion coefficient of an adsorbate in AC is related to the adsorbate aqueous 

diffusion coefficient (𝐷𝐷) as described by Equation 2.9 (Valderrama et al., 2008)  

𝑑𝑑𝑝𝑝 =  
𝐷𝐷𝜀𝜀𝑝𝑝
𝜏𝜏

(2.9) 

where 𝐷𝐷 is the molecular diffusivity of the adsorbate (m2/s) and 𝜏𝜏 is the AC tortuosity factor 

(dimensionless), which is a parameter that describes the structure of AC and is used to relate 

the adsorbate diffusivity in the pore to the diffusivity in free solution. 

𝐷𝐷 values for diclofenac and metformin have been reported in literature as 8.1*10-10 m2/s (Cid-

Cerón et al., 2016) and 1.23 * 10-9 m2/s (Mondal et al., 2018), respectively. CS and CG 
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tortuosity were calculated based on the reported 𝐷𝐷 values and Equation 2.9. Tortuosity 

values calculated for CG are between 3 and 5, comparable to values typically reported for 

AC (R. Ocampo-Pérez et al., 2012a; Worch, 2012). The tortuosity value calculated for CS 

based on DCF is around 8, which is higher than typically reported values in literature. 

When 𝐷𝐷 values obtained experimentally are not available, empirical correlations are applied 

to calculate the molecular diffusivities. One of the most commonly used correlations is 

described by Wilke and Chang (Valderrama et al., 2008; Wilke and Chang, 1955; Worch, 

2012) according to Equation 2.10 

𝐷𝐷 =
7.4 ∗ 10−8(𝛷𝛷𝑀𝑀)0.5𝑇𝑇

𝜂𝜂𝑏𝑏𝑉𝑉𝐴𝐴0.6  (2.10) 

where 𝛷𝛷 is an association parameter that represents the effective molecular weight of water 

with respect to the diffusion process, and has the value of 2.6, 𝑀𝑀 is the solvent molecular 

weight (g/mol), 𝑇𝑇 is temperature (K),  𝜂𝜂𝑏𝑏 is the solution viscosity (cp) and 𝑉𝑉𝐴𝐴 is the adsorbate 

molecular volume (cm3/mol). Values for 𝑉𝑉𝐴𝐴 for the OMPs were obtained by ChemSketch 

(ACD Labs) freeware.  

Tortuosity values calculated using the aqueous diffusion obtained with Equation 2.10 are 

presented in Table 2.4. The calculated values are mostly in the range of values reported for 

AC except for the largest molecules (DCF, IOP and IOPR). The high tortuosity value 

obtained for these micropollutants, combined with the adsorption kinetic results, indicates 

that their diffusion is hindered in the micropores, mainly in the GAC CS, likely due to the 

relatively large size of the molecules.  

Since tortuosity is a property of AC, its values should be constant. However, this parameter 

is determined based on the adsorption of an adsorbate onto the AC surface, so the 

interaction between the adsorbate and the AC surface will likely influence the values 

obtained using experimental data. The variation in tortuosity values can also indicate that 

the intra-particle diffusion is not only governed by pore diffusion, but surface diffusion 

might also play a role in determining the adsorption rate. However, since CG and CS 

tortuosity and pore diffusion coefficients for the OMPs are not known, it is not possible to 

determine the relative contribution of surface diffusion to the adsorption rate.  
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2.5 Conclusions 
The adsorption rate and affinity of OMPs with two types of activated carbons with different 

pore sizes was studied to determine the rate limiting step in adsorption. The main findings 

are as follows: 

• The choice for the most suitable GAC for micropollutant removal from drinking

water should take into account not only affinity for the target compounds but also

GAC pore sizes. GACs with mesopores are desirable to prevent that slow kinetics

reduce efficiency of a fixed-bed AC filter.

• Pore diffusion coefficients correlate negatively to adsorbate size for most OMPs

and this correlation is stronger for the largest adsorbates.

• Neither molecule size nor adsorption affinity are sufficient to explain the

adsorption kinetics of GNL, MER, MET, PRZ.

• Diffusion of the largest molecules is hindered in the GAC micropores, resulting in

tortuosity values higher than typically reported for AC.

• Micropore surface area correlates with adsorption affinity between OMP and GAC.

However, size-exclusion effects were observed for the largest OMPs iopamidol and

iopromide.

• Log 𝐷𝐷𝑂𝑂𝑂𝑂 is a poor indicator for adsorption affinity for the hydrophilic OMPs

studied.

• Adsorption affinity relates to OMP molecular structure: OMPs with cyclic

structures adsorb to AC to a larger extent than OMPs with linear or globular

structures.
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Supplementary information to Chapter 2 

S2.1 Pore diffusion model 
To solve the set of equations comprised in the model, a mass balance was established for the 

system: the total amount of micropollutant in the system should correspond, at all times, to 

the amount in the bulk solution and solid phase (both adsorbed and dissolved in the pore 

liquid). This mass balance is described by equation S2.1. 

𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑣𝑣𝑟𝑟(1 − 𝜀𝜀𝑏𝑏)𝑐𝑐𝑙𝑙 + 𝜀𝜀𝑏𝑏𝑣𝑣𝑟𝑟 (𝜌𝜌𝑝𝑝𝑞𝑞�𝑝𝑝 +  𝜀𝜀𝑝𝑝𝑐𝑐𝑃̅𝑃) (Eq S2.1) 

where 𝑐𝑐𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the total amount of micropollutant in the system (µmol), 𝑣𝑣𝑟𝑟 is the total batch 

volume (liquid volume + adsorbent volume, in L), 𝜀𝜀𝑏𝑏 is the batch porosity (adsorbent 

volume / liquid volume, dimensionless), 𝑐𝑐𝑙𝑙  is the micropollutant concentration in the bulk 

solution (µmol/L), 𝜌𝜌𝑝𝑝 is the AC apparent density (g/L), 𝑞𝑞�𝑝𝑝 is the average adsorbent loading, 

𝜀𝜀𝑝𝑝 is the AC porosity (dimensionless) and 𝑐𝑐𝑃̅𝑃 is the average adsorbate pore concentration.  

The model was solved as follows: First, the Langmuir isotherm parameters were 

determined, as described in section 2.3.3.1. Then, Equation 2.1 and the average adsorbent 

loading (𝑞𝑞�𝑝𝑝) were solved numerically, using the method of lines. This method discretizes the 

equations in space. We used a semi-implicit Runge-Kutta method to solve the resulting set 

of ordinary differential equations over time, using Maple. The fitting parameter was the 

pore diffusion coefficient, 𝑑𝑑𝑝𝑝. 

AC porosity was calculated based on skeletal density and apparent density. The skeleton 

density used was that of graphite (2.23 kg/m3) (Marsh and Rodriguez-Reinoso, 2006) and the 

apparent density was obtained from the material datasheets (Table S2.1).  All other 

parameters used to solve the model are presented in Table S2.1. 
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Table S2.1: Parameters used to solve the pore diffusion model. 

Parameter CG CS 
𝜌𝜌𝑝𝑝 (g/L) 230 450 
𝜀𝜀𝑝𝑝 (-) 0.88 0.77 
𝜀𝜀𝑏𝑏 (-) 4.64*10-3 2.39*10-3

𝑟𝑟 (m) 3.75*10-3 3.75*10-3

𝑣𝑣𝑟𝑟 (L) 0.01 0.01 

S2.2 GAC Textural properties 
A mass of 0.05-0.07 g of GAC was degassed in vacuum at 200 °C for 1 hour and cooled 

before analysis. Micropore surface area and volume were determined with the t-plot 

method, mesopore surface area and volume was determined with the BJH method. The 

cumulative pore volume distribution for the mesopore size range (2 to 50 nm width) is 

presented in Figure S2.1. 

Figure S2.1: Cumulative pore volume distribution of mesopores for CS and CG. 
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S2.3 Relationship between pore diffusion coefficient and micropollutant 
parameters 

Figure S2.2: Relationship between pore diffusion coefficient (𝑑𝑑𝑝𝑝) and: micropollutant molecular weight, 
molecule minimal projection diameter and Langmuir affinity constant (𝐾𝐾𝐿𝐿).  

S2.4 Adsorption kinetics 

Figure S2.3: AC load in kinetic experiments. Experimental data and fitted pore diffusion model. BTA: 
benzotriazole, DPC: desphenyl-chloridazon, MET: metformin, PRZ: pyrazole. Hollow and filled 
symbols represent duplicate batches. 
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Figure S2.4: Iopromide AC load in kinetic experiments. Experimental data and fitted pore diffusion 
model. Hollow and filled symbols represent duplicate batches. For adsorption on CG, the two lines 
correspond to different initial concentrations in the model to accommodate the difference between 
initial concentration of the replicates.   
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Chapter 3

Biodegradation and adsorption of micropollutants 
by biological activated carbon from a drinking 
water production plant 
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ABSTRACT 

The presence of micropollutants in surface water is a potential threat for the production of 

high quality and safe drinking water. Adsorption of micropollutants onto granular activated 

carbon (GAC) in fixed-bed filters is often applied as a polishing step in the production of 

drinking water. Activated carbon can act as a carrier material for biofilm, hence 

biodegradation can be an additional removal mechanism for micropollutants in GAC filters. 

To assess the potential of biofilm to biodegrade micropollutants, it is necessary to 

distinguish adsorption from biodegradation as a removal mechanism. We performed 

experiments at 5°C and 20°C with biologically active and autoclaved GAC to assess the 

biodegradation of micropollutants by the biofilm grown on the GAC surface. Ten 

micropollutants were selected as model compounds. Three of them, iopromide, iopamidol 

and metformin, were biodegraded by the GAC biofilm. Additionally, we observed that 

temperature can increase or decrease adsorption, depending on the micropollutant studied. 

Finally, we compared the adsorption capacity of GAC used for more than 100,000 bed 

volumes and fresh GAC. We demonstrated that used GAC shows a higher adsorption 

capacity for guanylurea, metformin and hexamethylenetetramine and only a limited 

reduction in adsorption capacity for diclofenac and benzotriazole compared to fresh GAC.  

 

 

 

 

 

 

 

This chapter has been published as: 
Piai, L., Blokland, M., van der Wal, A., Langenhoff, A., 2020. Biodegradation and adsorption of 
micropollutants by biological activated carbon from a drinking water production plant. Journal of  
Hazardous Materials 388, 122028.  
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3.1 Introduction 
Anthropogenic organic micropollutants have been detected in surface water worldwide 

(Christoffels et al., 2016; Reungoat et al., 2010; Starling et al., 2019), threatening production 

of safe drinking water. Micropollutants consist of a wide range of compounds, such as 

pharmaceuticals, industrial chemicals, pesticides, as well as their transformation products. 

These compounds often enter into the environment via the effluent of a wastewater 

treatment plant (WWTP) and diffuse sources, such as stormwater runoff,  sewer leakage and 

sewer overflow (Han et al., 2019). An unknown fraction of micropollutants in the 

environment is adsorbed to sediments or organic matter, or transformed via biotic and 

abiotic reactions. The fraction that is not removed, can end up in the feed water used for 

drinking water production (Mompelat et al., 2009). 

Micropollutants are partially removed in a drinking water treatment plant (DWTP) from 

surface water sources by adsorption onto granular activated carbon (GAC) in fixed-bed 

filters (Stackelberg et al., 2007; Ternes, 2007; Ternes et al., 2002). GAC has also been applied 

at pilot scale in filters and fluidized bed reactors for removing micropollutants from 

wastewater (Altmann et al., 2016; Guillossou et al., 2019; Mailler et al., 2016). Apart from 

adsorbing the micropollutants, GAC also functions as a carrier material for biofilm. As a 

result, micropollutants are concentrated on the GAC surface, which results in an increased 

contact time between the compounds and microorganisms (Çeçen and Aktaş, 2012), and 

higher likelihood of biodegradation. Biodegradation is therefore an alternative pathway for 

removing micropollutants in GAC applications. The extent to which a micropollutant will 

be adsorbed to GAC and eventually be biodegraded depends on the reversibility of 

adsorption and on the potential of the biofilm to biodegrade the micropollutant (Abromaitis 

et al., 2016).  

Distinguishing between adsorption and biodegradation as removal mechanisms in GAC 

filters is required in order to assess the potential of the biofilm in these filters to biodegrade 

micropollutants. Furthermore, this knowledge contributes in determining limiting factors 

for micropollutants biodegradation in the current GAC filters. In adsorption studies with 

fresh GAC, the adsorbed amount of a certain adsorbate is calculated based on the change in 

concentration in the liquid phase, assuming that adsorption is the only removal mechanism 

(Worch, 2012). When experimenting with biologically active GAC (bGAC), the adsorbate 

can also be biodegraded, apart from adsorbed. However, inhibiting biodegradation by 

applying GAC treatments, such as autoclaving, or adding chemicals to the solution can also 
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affect adsorption to an unknown extent. For instance, sodium azide, is commonly used as 

biodegradation inhibitor in adsorption experiments (Shimabuku et al., 2017b; Ye et al., 2019). 

However, sodium azide affects adsorption, as demonstrated by Klimenko et al. (2010) who 

studied the influence of this chemical on the removal of fulvic acids by AC. The authors 

concluded that the sodium azide did not fully inhibit biological activity and also that it 

interacted with the AC surface thus changing its adsorption properties. In addition to 

chemically affected AC, autoclaved used AC might have different adsorption properties 

compared with non-autoclaved AC, because autoclaving can potentially alter the biofilm 

formed on the AC surface and the organic matter previously adsorbed to it, thus affecting 

adsorption of micropollutants. 

Experiments with bGAC at relatively low and high temperatures are an alternative control 

strategy to distinguish between adsorption and biodegradation for micropollutants removal. 

Increasing temperatures up to 42°C  increases microbial activity (Lengeler et al., 1999). The 

effect of temperature on adsorption, however, is less predictable. Temperature can have an 

effect on adsorption rate and on the overall adsorption at equilibrium conditions. Increasing 

temperatures increase adsorption rate due to a faster adsorbate diffusion (Taghdiri and 

Zamani, 2013) but the overall adsorption capacity can be either increased or reduced 

(Moreno-Castilla, 2004), depending on whether the adsorption is endothermic or exothermic 

(Al-Degs et al., 2008; Gupta et al., 2011; Wang and Li, 2013). 

Given the difficulty of distinguishing adsorption and biodegradation as removal processes, 

few studies have assessed the micropollutants biodegradation capacity of biomass growing 

in GAC filters used in DWTP (Altmann et al., 2016; Zhang et al., 2017). In contrast, 

biodegradation of micropollutants by activated sludge from WWTP is well documented in 

literature (Besha et al., 2017; Grandclément et al., 2017). Our goal is to investigate if the 

biomass growing in GAC filters is capable of degrading a selection of micropollutants 

relevant for drinking water. We studied the removal of micropollutants with activated 

carbon that originates from a drinking water production location. Experiments with 

biologically active or autoclaved GAC at two different temperatures were performed to 

distinguish removal due to adsorption and biodegradation or adsorption only.  
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3.2 Materials and methods 
3.2.1 Organic micropollutants 
A mixture of 10 organic micropollutants was used in this study: benzotriazole, desphenyl-

chloridazon, diclofenac, guanylurea, hexamethylenetetramine, iopamidol, iopromide, 

melamine, metformin and pyrazole. These selected micropollutants have been found in 

surface water in Europe in concentrations ranging from 0.1 to 6 µg/L, and are considered 

relevant in drinking water treatment (Buttiglieri et al., 2009; Kiss and Fries, 2009; RIWA-

Maas, 2016; Ruff et al., 2015). Desphenyl-chloridazon and iopamidol were purchased from 

AKOS, iopromide was purchased from Bayer, pyrazole was purchased from Merck and all 

other micropollutants were purchased from Sigma Aldrich. All micropollutants have a 

neutral charge at pH 7.5, except for guanylurea and metformin which are positively charged 

(Markiewicz et al., 2017a) and diclofenac which is negatively charged (de Ridder et al., 

2011). This mixture consists of hydrophilic micropollutants of different molecular weights 

(Table 3.1).  

Table 3.1: Micropollutants used in this study, their Log 𝐷𝐷𝑂𝑂𝑂𝑂   and molecular weight. 
Micropollutant Log 𝐷𝐷𝑂𝑂𝑂𝑂   at pH 7.01 Molecular weight (g/mol) 

Benzotriazole 1.232 119 

Desphenyl-chloridazon -0.783 146 

Diclofenac  1.374 to 35 296 

Guanylurea -2.063 102 

Hexamethylenetetramine 0.363 140 

Iopamidol  -2.45 777 

Iopromide -2.15 791 

Melamine  -2.03 126 

Metformin -4 to -3.26 129 

Pyrazole  0.02 68 
 1: for benzotriazole and pyrazole, values reported in literature refer to Log Kow; 2: (Hart et al., 2004); 3: Marvin 
Scketch (v.16.9.12.0, ChemAxon Ltd.); 4: (Huntscha et al., 2012); 5: Margot et al. (2013);  6: ACD/Labs (V11.02).  

3.2.2 Micropollutants biodegradation by biologically active GAC 
To assess the potential of biofilm growing in GAC filters to degrade the selected 

micropollutants, a batch experiment with used GAC, from a DWTP, was performed. The 

filter where the used GAC (Filtrasorb TL-830, Chemviron®) was collected had been in 

operation for more than 100,000 bed volumes by Evides Water Company (location 

Kralingen, the Netherlands). This material will be referred to as bGAC. The bGAC worked 
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both as adsorbent and inoculum. To supply microorganisms with additional carbon source 

similar to what is available in the GAC filters, the culture media was prepared using GAC 

filter influent, obtained from the same DWTP as the bGAC, and demineralized water, in a 

1:1 ratio. Concentrated nutrient solutions were diluted in this matrix. Demineralized water 

was used together with GAC filter influent to avoid high salt concentration in the culture 

media, which could inhibit microbiological activity. The composition of the concentrated 

nutrient solutions is given in Table S3.1 and GAC filter influent quality parameters are given 

in Table S3.2. Additional inoculum was prepared as follows: 15 g of used GAC was mixed 

with 20 mL of culture media and vortexed for 5 seconds. This procedure was repeated 

several times to obtain biomass in the liquid phase, which was used as additional inoculum. 

A mass of 0.26 g of bGAC wet weight, corresponding to approx. 0.1 g dry weight, was used 

to inoculate 250 mL serum bottles. The bottles contained 10 mL of additional inoculum, 

micropollutants and culture media in a total liquid volume of 100 mL. All micropollutants 

were added in similar molar concentrations and three different initial concentrations were 

used, approximately 25 µM, 45 µM and 69 µM (ranging from 1.7 to 54.6 mg/L depending on 

the micropollutant). Initial micropollutants concentrations were measured after spiking the 

bottles. Therefore, in case these micropollutants were already present in the GAC filter 

influent used to prepare the media, the initial concentration was the sum of the spiked and 

the already present micropollutants. The bottles were closed with butyl rubber stoppers and 

aluminium crimp caps, wrapped in aluminium foil to prevent micropollutants 

photodegradation and cultivated at either 5°C or 20°C, mixed at 120 rpm. Triplicates were 

run for each condition (Figure 3.1). Samples were taken on days 0, 9, 21, 33, 44 and 54. 

Samples were centrifuged for 10 min at 10000 rpm, the supernatant was transferred to a 

clean tube and centrifuged again. After that, the supernatant was diluted and frozen until 

analysis. Results up to the 54th day were sufficient to test our hypothesis and draw 

conclusions and the experiment was stopped. 

3.2.3 Micropollutants adsorption onto autoclaved used GAC 
The effect of temperature on micropollutants adsorption to GAC was assessed in a test with 

autoclaved used GAC. This experiment was similar to the one described in 2.2 with the 

following differences: used GAC and media were autoclaved before being used and no 

additional inoculum was added to the bottles. Since no biodegradation was expected in 

experiments with autoclaved GAC, we expected little variation between replicates, which 

indeed was observed in our data. Therefore, only duplicates were run. This experiment was 
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done with one initial concentration of micropollutants, approximately 69 µM (Figure 3.1). 

Bottles were cultivated in the same conditions as in the experiment described in 2.2 and 

samples were taken on days 0, 9, 21, 32, 44 and 53.  

Figure 3.1: Schematic representation of experiments with used GAC. 

3.2.4 Micropollutants adsorption onto fresh GAC 
To compare the adsorption capacity of used GAC and fresh GAC, an additional adsorption 

experiment was performed. Experimental conditions were similar as described in 2.2 and 

2.3, except that: 1) fresh GAC (Filtrasorb TL-830, Chemviron®) was used instead of used 

GAC; 2) only demi-water was used in the preparation of the media instead of a mixture of 

demi-water and GAC filter influent; 3) one initial concentration of micropollutants was used 

(62 µM) instead of 3 initial concentrations. Bottles were kept at 5°C and mixed at 120 rpm. 

Samples were taken on days 0 and 9. Previous studies showed this time interval to be 

sufficient for fresh GAC to reach near equilibrium conditions for adsorption of the selected 

micropollutants (Piai et al., 2019). 

3.2.5 Chemical analyses 
Micropollutants were measured using liquid chromatography coupled to high-resolution 

accurate-mass mass spectrometry, according to the method described in Piai et al. (2019). In 

short, compounds were separated using an Atlantis T3 column and a gradient based on 

water/ammonium formate 2mM/formic acid 0.016% (v/v) and methanol/ammonium formate 

2 mM/formic acid 0.016% (v/v). Mass spectrometric analysis was performed in positive 
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electrospray ionisation mode on a Thermo QExactive MS in full-scan mode 

(resolution=70000). 

3.3 Results and discussion 
3.3.1 Distinguishing micropollutants biodegradation and adsorption 
We assessed whether biofilm from GAC filters can biodegrade a selection of micropollutants 

by performing experiments with bGAC and autoclaved GAC at different temperatures. We 

assumed that at low temperature, the removal of the micropollutant was mainly due to 

adsorption, thus serving as control. Since temperature can also affect adsorption, 

experiments with autoclaved GAC were performed in order to assess the extent of the effect 

of temperature on adsorption.  

Until day 9, the removal of iopromide with bGAC was similar at 5°C and 20°C (Figures 3.2a 

and S3.1). After this period, different removal trends at the different temperatures were 

observed. In 54 days, more than 99% of iopromide was removed at 20°C regardless of the 

initial concentration (Figures 3.2a and S3.1) and the remaining iopromide concentration was 

below 0.46 µM. At 5°C, the removal varied between 50 and 92% depending on the 

iopromide initial concentration (Figures 3.2a and S3.1), and a similar removal was observed 

with both bGAC and autoclaved GAC (Figure 3.2).  

Figure 3.2: Iopromide concentration in time at 5°C and 20°C with bGAC (a) and autoclaved GAC (b). 
Different symbols represent different replicates of the same treatment. Lines connect the mean value of 
replicates in each time point. 
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Our results with autoclaved GAC show that iopromide adsorption increased with 

increasing temperature (Figure 3.2b). It is known that increased temperatures increase 

diffusion rates, and diffusion can limit adsorption (Taghdiri and Zamani, 2013). However, 

this is not the reason for the higher iopromide adsorption at 20°C given that the adsorption 

rate at both temperatures was similar. Alternatively, these results might indicate that 

iopromide adsorption is an endothermic process. Endothermic adsorption of compounds 

such as ibuprofen and rhodamine B has been reported and attributed to the creation of 

adsorption sites at higher temperatures (Dubey et al., 2010; Lacerda et al., 2015). The 

comparison of iopromide removal at both temperatures by bGAC and autoclaved GAC 

supports the hypothesis that biodegradation is a relevant removal mechanism with bGAC.  

Iopromide removal in bGAC filters has been reported in literature. Altmann et al. (2016) 

observed more than 50% iopromide removal in a bGAC filter treating secondary effluent 

from a WWTP. Removal remained stable even after prolonged operation (25,000 bed 

volumes) and was attributed to iopromide adsorption and biodegradation. Zhang et al. 

(2017) reported up to 60% iopromide removal for micropollutants in bGAC filters. The 

authors hypothesize that biodegradation was the main removal mechanism based on the 

age of the bGAC (2 years) and on the amount of organic matter (around 2 mg/L) present in 

the influent. In this paper we present additional evidence that iopromide can be degraded 

by biomass growing in bGAC filters.  

Iopromide biodegradation results in recalcitrant transformation products and full 

mineralization has not yet been reported (Müller et al., 2019). Peaks with the same exact 

mass (within 5 ppm) and isotope pattern corresponding to 3 iopromide biodegradation 

products described by Schulz et al. (2008) were detected in our experiments with bGAC 

(Figure S3.2). The detection of iopromide degradation products is additional evidence of 

iopromide biodegradation.  

Similarly to iopromide, metformin was biodegraded at 20°C with bGAC (Figure 3.3a and 

Figure S3.3a, c). Initially, metformin removal was higher in experiments at 5°C than at 20°C 

(32% and 20% average removal on day 9 at 5°C and 20°C respectively), indicating that 

metformin adsorption is an exothermic process. This period lasted 9 days for the lowest 

initial concentration (25 µM) and 21 days for the intermediate and highest initial 

concentrations (respectively 45 µM and 69 µM). After that, metformin biodegradation was 

observed in 6 out of 9 bottles at 20°C and its removal was more than 99% by day 33, 

regardless of the initial concentration. A further evidence for metformin biodegradation at 
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20°C is the production of its first degradation product guanylurea (Figure 3.3a and Figure 

S3.3a, c). Guanylurea concentration increased in all cases where metformin was 

biodegraded, and correlated strongly in time with the biodegradation of metformin. The 

experiments with autoclaved GAC show that both metformin and guanylurea were 

removed to a larger extent at 5°C than at 20°C (24% and 15% metformin removal at 5°C and 

20°C respectively, 87% and 79% guanylurea removal at 5°C and 20°C respectively), similarly 

to what was observed in the first days with bGAC (Figure S3.3). This shows that the 

adsorption of metformin and guanylurea is exothermic. 

After guanylurea was produced, it was further removed due to either adsorption or 

biodegradation. Guanylurea removal between day 33 and 54 cannot be explained by 

adsorption alone (Figure 3.3a and Figure S3.3a, c). Adsorption happens initially at a fast rate 

and slows down in time (Piai et al., 2019). However, our results show the opposite trend: 

guanylurea removal rate is initially lower (between days 33 and 44) and becomes higher 

between days 44 and 54. This trend is more consistent with removal due to biodegradation 

then removal due to adsorption. Initially, guanylurea has been described as the dead-end 

metformin biodegradation product (Trautwein and Kümmerer, 2011). However, recent 

studies have reported guanylurea biodegradation by activated sludge or cultures enriched 

from activated sludge (Briones et al., 2018; Tisler and Zwiener, 2019), indicating that 

guanylurea can be biodegraded, as also observed in our experiments.  

Figure 3.3: Metformin and guanylurea concentration in time at 20°C (a) and 5°C (b) in experiment with 
bGAC. Different symbols represent different replicates of the same treatment. Lines connect the mean 
value of replicates in each time point. 
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Metformin biodegradation and guanylurea production were not observed in all replicates. 

Metformin biodegradation was observed in the 3 replicates with initial concentration of 

25 µM (Figure S3.3a), but in only 2 out of 3 replicates with initial concentration of 45 µM 

(Figure 3.3a) and in only 1 out of 3 replicates with initial concentration of 69 µM 

(Figure S3.3c). Therefore, replicates at 20°C in which metformin was not degraded were not 

included in the mean calculation in those figures. We also observed variability between 

replicates in an independent experiment performed in similar conditions as described in 2.2 

and 2.3. In this experiment, metformin was biodegraded in 2 out of 3 replicates (Figure S3.4). 

Several authors have reported a similar variability between replicates in metformin 

biodegradation studies (Markiewicz et al., 2017a, 2017b; Poursat et al., 2019; Trautwein and 

Kümmerer, 2011). Poursat et al. (2019) reported 99%, 28% and 7% metformin biodegradation 

for 3 replicates in experiments with sludge pre-exposed for 9 months to 1.5 mg/L metformin 

as initial concentration. Markiewicz et al. (2017a)  studied metformin biodegradation by 

activated sludge following the protocol of OECD 301F. In their experiments, replicate bottles 

removed metformin to different extents (0 vs. 30% and 50% vs. 100% in two independent 

experiments). The authors hypothesize that the large variation in the results was due to the 

diversity of the microbial community in the inoculum and concluded that metformin 

biodegradation might occur only if specific degraders are present. Since part of the 

inoculum used in our experiments consisted of bGAC and collecting a homogeneous sample 

of this material is difficult, inoculum heterogeneity is likely the reason for the different 

behaviour of our replicates.   

 Given the different effects of temperature on micropollutants adsorption, two scenarios can 

be distinguished in our study. In the first one, adsorption of a micropollutant decreases with 

increasing temperature (exothermic process). In this case, temperature is negatively 

correlated to adsorption but positively correlated to biodegradation. Therefore a higher 

removal at 20°C is a strong indication for micropollutant biodegradation, which is the case 

for metformin. In the second situation, adsorption of a micropollutant increases with 

increasing temperature (endothermic process). In this case temperature is positively 

correlated to both adsorption and biodegradation and a higher removal at 20°C does not 

necessarily imply that the compound is biodegraded. Therefore, the removal trends at both 

temperatures, combined with the removal with autoclaved GAC, can indicate whether the 

compound was biodegraded or not. This is what we have shown for iopromide removal.  
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In our experiments, a positive correlation between temperature and adsorption was also 

observed for iopamidol (Figure 3.4). Iopamidol removal at 20°C with bGAC was higher than 

with autoclaved GAC, whereas at 5°C iopamidol was removed to a similar extent in both 

experiments (Figure 3.4). At the end of the experiments at 20°C, 45% of iopamidol was 

removed with autoclaved GAC, whereas 68% was removed with bGAC. This indicates that 

iopamidol was biodegraded in the later. A peak with exact mass (within 5 ppm) and isotope 

pattern corresponding to an iopamidol biodegradation product described by Kormos et al. 

(2010) was detected in experiments with bGAC cultivated at 20°C (Figure S3.5), but not 

when cultivated at 5°C. This supports the hypothesis of iopamidol biodegradation. An 

alternative explanation for the higher iopamidol removal with bGAC at 20°C is related to 

iopromide and metformin biodegradation. Biodegradation of the dissolved fraction of 

iopromide and metformin creates a driving force for the desorption of these compounds 

from the bGAC. This releases adsorption sites on the GAC surface, which might have 

contributed to increasing iopamidol removal due to adsorption.  

Figure 3.4: Iopamidol concentration in time at 5°C and 20°C with bGAC (a) and autoclaved GAC (b). 
Different symbols represent different replicates of the same treatment. Lines connect the mean value of 
replicates in each time point. 

Different from iopromide and iopamidol, diclofenac removal was higher with bGAC than 

with autoclaved GAC at both temperatures (Figure 3.5). As a result, it is difficult to assess 

whether diclofenac was biodegraded or only adsorbed onto bGAC. A possible explanation 

is that diclofenac was biodegraded in bottles cultivated at both 5°C and 20°C with bGAC. 

However, we expect that the biodegradation rate at 5°C would not be significant enough to 
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explain the removal observed. Furthermore, peaks corresponding to diclofenac 

transformation products described by Kosjek et al. (2009) were not found in any of the 

samples from day 54 in either temperature. Therefore, we could not elucidate if 

biodegradation was an additional removal mechanism for diclofenac with bGAC. 

Figure 3.5: Diclofenac concentration in time at 5°C and 20°C with bGAC (a) and autoclaved GAC (b). 
Different symbols represent different replicates of the same treatment. Lines connect the mean value of 
replicates in each time point. 

3.3.2 Temperature effect on adsorption of non-biodegraded micropollutants 
We observed no trends indicating biodegradation of the following micropollutants with 

bGAC: benzotriazole, desphenyl-chloridazon, hexamethylenetetramine, melamine and 

pyrazole. For these compounds, we found that adsorption was the only removal 

mechanism, both with bGAC as well as with autoclaved GAC. Therefore, results from both 

experiments were used to evaluate the effect of temperature on adsorption of these 

micropollutants in different concentrations.  

Melamine and desphenyl-chloridazon were removed to a larger extent at 5°C than at 20°C, 

both with bGAC and autoclaved GAC (Figure 3.6 and Figure S3.6). This indicates that 

adsorption of melamine and desphenyl-chloridazon is exothermic, similarly to metformin 

and guanylurea. Interestingly, the difference between melamine and desphenyl-chloridazon 

removal at 5°C and 20°C reduced with increasing micropollutant initial concentration. This 

can be explained based on the increased coverage of the GAC surface at increasing 

micropollutant initial concentrations. Studies show that at higher GAC coverage, the 

temperature dependence of adsorption is reduced (Hindarso et al., 2001; Pikaar et al., 2006; 
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Sander and Pignatello, 2005), which is related to the presence of sites with different 

adsorption affinities on the AC surface. High affinity adsorption sites are the first to be 

occupied by the adsorbate and the temperature dependence of adsorption is higher in those 

sites. Low affinity adsorption sites are occupied only at higher AC surface coverage and the 

temperature dependence of these sites is smaller or negligible (Pikaar et al., 2006). 

Figure 3.6: Melamine removal with bGAC at 3 different initial concentrations - a) 25 µM, b) 45 µM, c) 69 
µM - and autoclaved GAC - d) 69 µM - at 5°C and 20°C. Different symbols represent different replicates 
of the same treatment. Lines connect the mean value of replicates in each time point. Y-axis scale runs 
from 50%-100% for better visualization of the data. 

At an initial concentration of 69 µM, desphenyl-chloridazon was removed to a larger extent 

at 5°C than at 20°C with autoclaved GAC (Figure S3.5d), but it was removed to the same 

extent at both temperatures with bGAC (Figure S3.5c). This difference can be related to a 

different AC coverage in each experiment. As previously mentioned, the temperature 

dependence of adsorption can reduce at higher AC coverage. Autoclaving the AC might 

have affected the biofilm and/or organic matter previously adsorbed to the AC, reducing its 

coverage.  

Hexamethylenetetramine was removed to a larger extent at 20°C both with bGAC and 

autoclaved GAC (Figure 3.7). Different from our results, a negative correlation between 

hexamethylenetetramine adsorption and temperature was found by Taghdiri and Zamani 

(2013). Differences between their work and ours include use of column experiments instead 

of batch, a different type of AC, powder AC instead of GAC and a shorter contact time (200 
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min instead of 54 days). However, we could not explain the difference between our results 

and theirs based on the difference in experimental setup.   

Figure 3.7: Hexamethylenetetramine concentration in time at 5°C and 20°C with bGAC (a) and 
autoclaved GAC (b). Different symbols represent different replicates of the same treatment. Lines 
connect the mean value of replicates in each time point. 

No difference in pyrazole and benzotriazole removal between temperatures was observed, 

neither with bGAC, nor with autoclaved GAC (data not shown). This indicates that these 

compounds were not biodegraded and that adsorption is not strongly affected by 

temperature. To the best of our knowledge, the effect of temperature on the adsorption of 

these compounds onto GAC has not been reported in literature.  

Benzotriazole, iopamidol and melamine were not biodegraded in our experiments with 

bGAC, even though their biodegradation has been reported in literature (El-Sayed et al., 

2006; Herzog et al., 2014; Kormos et al., 2010; Wagner et al., 2020). These studies applied 

constructed wetlands or used activated sludge, WWTP effluent or soil impacted by WWTP 

effluent as inoculum. We hypothesize that the biodegradation potential for micropollutants 

is smaller in GAC filters used in drinking water production than in those systems, for 

various reasons. One possible reason is the fact that micropollutants concentrations are 

expected to be higher in constructed wetlands and WWTP than in DWTP. Another reason is 

the higher concentration of dissolved organic carbon in wastewater, compared to drinking 

water (Zietzschmann et al., 2016b), which creates favourable conditions for biodegradation 

of micropollutants via cometabolic routes (Tran et al., 2013). Still, GAC filters harbour a 
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diverse microbial community with high metabolic versatility (Oh et al., 2018). We have 

demonstrated that biofilm growing on used GAC from a DWTP can biodegrade at least 3 

out of the 10 micropollutants tested. Moreover, we propose that experiments involving 

micropollutants removal at different temperatures can be used to assess their 

biodegradability by bGAC. 

3.3.3 Adsorption capacity of used and fresh GAC 
We compared the adsorption capacity of used and fresh GAC to gain insight in the possible 

loss of adsorption capacity due to GAC use. For this purpose, we compared the 

micropollutant removal of fresh GAC (see 2.4) with MP removal by bGAC (initial 

concentration 69 µM) on day 9. Despite the hydrophilic character of these micropollutants, 

as indicated by their Log 𝐷𝐷𝑂𝑂𝑂𝑂 (Table 3.1), more than 90% removal was achieved for 5 out of 

10 compounds (Table 3.2). A more detailed discussion regarding affinity of these 

micropollutants towards GAC, including adsorption isotherms, is presented in Piai et al. 

(2019). 

The loss of adsorption capacity due to GAC use differs considerably per compound 

(Table 3.2). The adsorption capacity of benzotriazole and diclofenac by used GAC is 

respectively only 16% and 23% lower than of fresh GAC. This shows that even though GAC 

was used for more than 100,000 bed volumes, the adsorption capacity for these 

micropollutants was still high. Guanylurea, metformin and hexamethylenetetramine 

adsorbed to a larger extent onto used GAC than onto fresh GAC. The higher removal of 

guanylurea and metformin with used GAC can be related to the increased electrostatic 

attraction between the negatively charged biofilm on the used GAC surface and these 

positively charged micropollutants (Briones and Sarmah, 2018). Increased removal of 

cationic compounds due to biofilm growth on GAC surface has already been reported (Yin 

et al., 2007). The higher removal of hexamethylenetetramine with used GAC compared to 

fresh GAC cannot be explained based on charge interactions, given that this compound is 

neutral at the pH of the experiment. This result might be related to the unexpectedly high 

initial concentration of hexamethylenetetramine in one of the replicates in the experiment 

with bGAC (Figure 3.7a).  
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Table 3.2: Micropollutant removal by used and fresh GAC at 5°C and relative removal of used and fresh 
GAC. Values correspond to mean of triplicates for used GAC and duplicates for fresh GAC. 

Micropollutants Removal (%) 

Fresh GAC Used GAC Used/fresh GAC 

Benzotriazole 99 83 84 

Desphenyl-chloridazon 99 66 67 

Diclofenac 97 75 77 

Guanylurea 52 77 148 

Hexamethylenetetramine 14 23 161 

Iopamidol 90 30 33 

Iopromide 93 35 38 

Melamine 94 63 67 

Metformin 12 30 250 

Pyrazole 51 28 55 

The loss of adsorption capacity due to GAC use was the highest for iopamidol, iopromide 

and pyrazole. Iopamidol and iopromide are the largest molecules in the experiment, which 

means that they are most affected by pre-adsorbed organic matter onto used GAC, due to 

pore blockage and competition for adsorption sites (Zietzschmann et al., 2015). The 

difference between adsorption capacity of used and fresh GAC for the different 

micropollutants can also be partially explained by the previous exposure of the used GAC to 

some micropollutants. It is expected that less adsorption sites will remain available for the 

compounds to which the GAC has been more exposed (Greenstein et al., 2018). However, 

with the available data, it is not possible to conclude if that is the reason why the loss of 

adsorption capacity was high for pyrazole.  

3.4 Conclusions 
In this study, we have shown that biofilm growing in GAC filters at a DWTP can biodegrade 

iopromide, metformin and iopamidol. In addition, we have shown that temperature is 

positively correlated to adsorption of iopromide, iopamidol, diclofenac and 

hexamethylenetetramine, but negatively correlated to adsorption of desphenyl-chloridazon, 

guanylurea, melamine and metformin. We could also demonstrate that the adsorption 

capacity of GAC used for more than 100,000 bed volumes is comparable to adsorption of 

fresh GAC for diclofenac and benzotriazole and higher for guanylurea, metformin and 

hexamethylenetetramine.  
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Our experimental set-up of comparing micropollutants removal at different temperatures 

can be used to distinguish biodegradation from adsorption in used GAC. The distinction 

between these two processes allows to assess the potential of biofilm growing in GAC filters 

to biodegrade micropollutants and to elucidate the contribution of biodegradation as a 

removal process for micropollutants in these filters during drinking water production. This 

study contributes to more insights related to bioregeneration of loaded GAC. Demonstrating 

that sorption and biodegradation occur simultaneously and sufficiently, and leads to an 

efficient bioregeneration of the GAC, can aid in reducing the thermal regeneration that is 

currently used for GAC filters at DWTP. 
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Supplementary information to Chapter 3 

Table S3.1: Composition of concentrated nutrients solution used to prepare media for micropollutants 
removal experiments with bGAC and autoclaved GAC. 

Concentration (g/L) 

Buffer 

Na2HPO4.2H2O  35,6 

KH2PO4 27,2 

Macro nutrients 

NH4Cl 170 

CaCl2.2H2O 8 

MgSO4.7H2O 9 

Trace elements 

FeCl2.4H2O 2 

CoCl2.6H2O 2 

MnCl2.4H2O  0.5 

CuCl2.2H2O 0.03 

ZnCl2  0.05 

HBO3  0.05 

(NH4)6Mo7O24.4H2O 0.09 

Na2SeO3.5H2O 0.1 

NiCl2.6H2O  0.05 

EDTA (tripex 2) 1 

HCl 36% 1 mL/L 

Na-Resazurin 0.5 

Amount used for 1 L media (mL) 

Buffer 50 

Macro nutrients 6 

Trace elements 0.6 
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Table S3.2: Quality parameters of GAC filter influent used to prepare media for micropollutants 
removal experiments with bGAC and autoclaved GAC. 

Parameter Value 

Total Organic Carbon (mg C/L) 2.7 

Dissolved Organic Carbon (mg C/L) 2.1 

UV-extinction at 254 nm (1/m) 5.6 

pH 7.9 

Suspended solids (mg/L) <0.1 

Figure S3.1: Iopromide concentration in time with bGAC at 5°C and 20°C and 2 different initial 
concentrations: a) 25 µM and b) 45 µM. Different symbols represent different replicates of the same 
treatment. Lines connect the mean value of replicates in each time point. 
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Figure S3.2: Peaks corresponding to m/z of iopromide and iopromide degradation products described 
by Schulz et al. (2008) on day 54. a and b: replicates cultivated at 5°C. c and d: replicates cultivated at 
20°C. 
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Figure S3.3: Metformin and guanylurea concentration in time at different initial concentrations and 
different temperatures: a) bGAC, 20°C, 25 µM;  b) bGAC, 5°C, 25 µM; c) bGAC, 20°C, 69 µM; d) bGAC, 
5°C, 69 µM, e) autoclaved GAC 20°C, 69 µM ;f) autoclaved GAC, 5°C, 69 µM. Different symbols 
represent different replicates of the same treatment. Lines connect the mean value of replicates in each 
time point. 

Figure S3.4: Metformin and guanylurea concentration in time with bGAC (a) and autoclaved GAC (b). 
Results were obtained in experiment performed independently from the one presented in Figure 3.3 
and Figure S3.3. Different symbols represent different replicates of the same treatment. Lines connect 
the mean value of replicates in each time point. Metformin biodegradation (resulting in guanylurea 
production) was observed in two out of three replicates, similarly to main experiment. 
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Figure S3.5: Peaks corresponding to m/z of iopamidol and iopamidol degradation products (TP761, 
described by Kormos et al. (2010)) on day 54. a and b: replicates cultivated at 5°C. c and d: replicates 
cultivated at 20°C. 
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Figure S3.6: Desphenyl-chloridazon removal with bGAC at 3 different initial concentrations - a) 25 µM, 
b) 45 µM, c) 69 µM - and autoclaved GAC - d) 69 µM - at 5°C and 20°C. Different symbols represent
different replicates of the same treatment. Lines connect the mean value of replicates in each time point.
Y-axis scale runs from 50%-100% for better visualization of the data. 
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ABSTRACT 

The industrial chemical melamine is often detected in surface water used for drinking water 

production, due to its wide application and insufficient removal in conventional wastewater 

treatment plants. Melamine can be removed from water by adsorption onto granular 

activated carbon (GAC), nevertheless, GAC needs periodic reactivation in costly and energy 

intense processes. As an alternative method, GAC can also be regenerated using biomass 

capable of degrading melamine in a process called bioregeneration. We assessed melamine 

biodegradation in batch experiments in fully oxic and anoxic, as well as in alternating oxic 

and anoxic conditions. Additionally, we studied the effect of an additional carbon source on 

the biodegradation. The most favourable conditions for melamine biodegradation were 

applied to bioregenerate GAC loaded with melamine. We demonstrate that melamine can 

be biodegraded in either oxic or anoxic conditions and that melamine degrading biomass 

can restore at least 28% of the original GAC adsorption capacity. Furthermore, our results 

indicate that bioregeneration occurs mainly in the largest pore fraction of GAC, impacting 

adsorption kinetics. Overall, we show that bioregeneration has a large potential for restoring 

GAC adsorption capacity in industrial wastewater. 

 

 

 

 

 

 

 

 

This chapter has been submitted as:  
Piai, L., van der Wal, A., Boelee, N., Langenhoff, A., 2020. Melamine degradation to bioregenerate 
granular activated carbon. Journal of Hazardous Materials. 
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4.1 Introduction 
Melamine is an organic micropollutant frequently found in the environment (Ruff et al., 

2015; Seitz and Winzenbacher, 2017; Zhu et al., 2019). This micropollutant is used as an 

industrial chemical compound for a wide range of applications, including the synthesis of 

melamine-formaldehyde resins to produce laminates, plastics and coatings (Smit, 2018). 

Melamine can be released to the environment both during the production process, as well as 

by using products containing melamine and its derivatives (Smit, 2018). This micropollutant 

is poorly removed from water in conventional wastewater treatment plants due to its low 

biodegradability by and low adsorbability to conventional activated sludge (An et al., 2017; 

Xu et al., 2013). As a consequence of  insufficient removal in wastewater treatment plants 

(WWTPs) melamine is discharged into surface water. From 2015 to 2018, melamine was 

frequently detected in rivers used for the production of drinking at concentrations above the 

signalling value of 1 µg/L (RIWA-Maas, 2017, 2016; RIWA-Rijn, 2018, 2016). Given its 

ubiquitous presence in surface water, a temporary derogation limit was proposed by Dutch 

authorities, allowing the intake of water to produce drinking water with a maximum 

concentration of 5 µg/L melamine. The possible contamination of drinking water sources 

with a micropollutant such as melamine highlights the need for improving current water 

treatment technologies in order to increase the removal of melamine from wastewater and 

prevent its presence in drinking water.  

Micropollutants, such as melamine, can be removed from (waste)water using adsorption to 

activated carbon (AC) (Guillossou et al., 2019; Stackelberg et al., 2007). AC is a commonly 

used adsorbent with affinity for several micropollutants, including melamine (Piai et al., 

2019). In adsorption processes with AC, the adsorbed compounds accumulate on the AC 

surface and the AC adsorption capacity decreases with its usage until the AC needs to be 

either replaced or reactivated (Worch, 2012). Reactivation of AC used in water treatment is 

most commonly achieved by applying high temperatures (700°C to 900°C) which makes it 

an energy intensive process (Worch, 2012). Biological regeneration is also possible as long as 

adsorbates can be desorbed and microorganisms capable of degrading them are present and 

active (Abromaitis et al., 2016; Aktaş and Çeçen, 2006a).  

Microorganisms capable of degrading melamine were first reported by Cook and Huetter 

(1981). The authors isolated microorganisms from soil, and these microorganisms were 

capable of degrading melamine by using it as a sole nitrogen source and by using lactate or 

glucose as carbon source. After that, more authors reported melamine biodegradation using 
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other carbon sources, such as glycerol, methanol and ethanol (Shelton et al., 1997; Takagi et 

al., 2012). Furthermore, Wang et al. (2014a) observed melamine biodegradation without 

additional carbon sources. Given the low C:N ratio in melamine, an additional carbon 

source likely increases melamine biodegradation rate by promoting biomass growth. 

The biodegradation pathway of melamine was first proposed by Jutzi et al. (1982) and later 

confirmed by other authors (El-Sayed et al., 2006; Shelton et al., 1997). The biodegradation 

occurs through consecutive hydrolytic deamination of the ammonia groups attached to the 

aromatic ring, producing ammeline, ammelide and cyanuric acid, followed by ring cleavage 

(Figure 4.1). Melamine biodegradation results in release of ammonium, which can 

accumulate in the media (Takagi et al., 2012). However, in the presence of oxygen and 

nitrifying microorganisms, ammonium can be oxidized to nitrate. The produced nitrate can 

then be denitrified if denitrifying microorganisms are present and active. The resulting 

nitrogen removal through nitrification and denitrification creates nitrogen limiting 

conditions which can promote further melamine degradation, given that this micropollutant 

is consumed as a nitrogen source. 

Figure 4.1: Melamine biodegradation pathway (Jutzi et al., 1982). 

The combination of biological treatment with granular activated carbon (GAC) offers several 

advantages compared to biological treatment alone. Higher removal efficiencies of 

micropollutants with attached growth compared to suspended growth processes have been 

reported, as a consequence of washout of slow growing organisms in suspended systems 

(Falås et al., 2013). Furthermore, GAC is known to be an excellent carrier material for 

biomass since adsorption can remove toxic or inhibitory compounds that might be present 

in the water (Çeçen and Aktaş, 2012). Additionally, melamine adsorption to GAC can buffer 

variable influent concentrations, which is beneficial for biodegradation since it avoids peak 

loads and starvation conditions (Bourneuf et al., 2016; Li and Moe, 2005). 

We propose that a combination of adsorption to GAC and biodegradation can be used to 

treat water containing melamine. Furthermore, melamine degrading biomass can be used to 
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bioregenerate GAC loaded with melamine. To bioregenerate GAC, the optimal conditions 

for melamine biodegradation were studied. We assessed melamine biodegradation in fully 

oxic and anoxic conditions, as well as alternated oxic and anoxic conditions, with and 

without an additional carbon source. The most favourable conditions for melamine 

biodegradation were applied in a 3-step batch experiment to bioregenerate  GAC loaded 

with melamine, and the bioregeneration extent was assessed. Our results provide additional 

insights in the optimal conditions for melamine biodegradation, GAC bioregeneration, and 

the limiting factors for GAC bioregeneration. 

4.2 Materials and methods 
4.2.1 Chemicals 
Melamine 99% purity (CAS 108-78-1) was purchased from Sigma Aldrich. Ammeline 90% 

purity (CAS 108-78-1) was purchased from Alfa Aesar. Ammelide 99,4% purity (CAS 108-

78-1) was purchased from Dr. Ehrenstofer GmbH. Cyanuric acid for synthesis (CAS 108-80-

5) was purchased from Merck KGaA. Phosphate buffer for the mobile phase for liquid

chromatography (LC) was prepared with Na2HPO4 (Merck) and NaH2PO4*1H2O (Sigma

Aldrich).

4.2.2 Melamine degrading biomass 
Melamine degrading biomass in activated sludge was obtained from a WWTP in Romania 

treating industrial wastewater containing melamine at an average concentration of 58 mg/L. 

The treatment includes nitrification and denitrification steps and uses methanol as carbon 

source. After being collected, the sludge was stored up to 2 months before being used. The 

sludge was collected at two moments, May 2018 and January 2020. The volatile suspended 

solids (VSS) in the first and second batch of sludge were 2.45 and 9.24 mg/L respectively. To 

obtain the desired VSS concentration for each experiment, the sludge was centrifuged and 

resuspended in media or buffer before use (media and buffer composition are given in Table 

S4.1).  

4.2.3 Melamine biodegradation in oxic or anoxic conditions 
Melamine biodegradation was tested in oxic and anoxic conditions, with and without 

methanol, in duplicates. Anoxic conditions were achieved in the bottles by flushing the 

media with nitrogen gas for 10 minutes and then exchanging the gas phase with nitrogen 

gas in 5 cycles using a gas exchanger. Batches contained 0.5 mL melamine degrading sludge 

centrifuged and resuspended in nitrogen free mineral media, 38 mg/L melamine   and 
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mineral media (Table S4.1) to a total liquid volume of 150 mL in 250 mL serum bottles. 

Methanol, when present, was spiked at 8.5 mg/L. The VSS concentration in the batches was 

51 mg/L. Melamine and ammeline concentrations were analysed on days 0, 1, 3, 6, 8 and 10. 

Ammonium, nitrate and nitrite concentrations were analysed on day 6 and 10.  

4.2.4 Effect of alternating redox conditions on melamine biodegradation 
The effect of alternating redox conditions and supply of additional carbon source on 

melamine biodegradation and nitrogen removal was assessed in a batch experiment. 

Melamine degradation was studied in 5 different conditions, as depicted in Table 4.1. 

Anoxic periods were applied in 3 of the 5 conditions to allow denitrification. Anoxic 

conditions were achieved as described in 2.3. To restore oxic conditions, the same procedure 

was done using compressed air instead of nitrogen gas. The inoculum used in this 

experiment consisted of melamine degrading biomass pre-cultured for 7 days in oxic and for 

further 6 days in anoxic conditions. Details about the inoculum are described in section 

S4.2.1.  

Table 4.1: Melamine biodegradation test in alternating redox conditions. 

Blue indicates oxic periods and red indicates anoxic periods; MeOH indicates addition of methanol. 

Batches contained 10 mL of inoculum, 36 mg/L melamine (24 mg-N/L) and nitrogen free 

mineral media (Table S4.1) to a total liquid volume of 150 mL in 250 mL serum bottles. The 

VSS concentration in the batches was 54 mg/L. Methanol was added to bottles of conditions 

1, 2 and 4 at different days as indicated in Table S4.2. At the start of the oxic periods (days 0, 

14 and 31), 50 µL 10% methanol was added to obtain a final methanol concentration of 26 

mg/L. In the anoxic periods, different volumes of 1% methanol was added to a final 

concentration of 10.5 to 15.8 mg/L. The exact amount of methanol added at each day is given 

in Table S4.3. Samples for melamine, ammeline, nitrate and nitrite measurements were 

taken on days 0, 2, 4, 7, 14, 18, 21, 28, 31, 35, and 39. Ammonium samples were taken and 

directly analysed on days 0, 4, 14 and 21 in one replicate of each condition.  
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4.2.5 Melamine adsorption and desorption isotherm 
Adsorption and desorption isotherms for melamine were obtained to: 1) assess reversibility 

of melamine adsorption, a requirement to bioregenerate loaded GAC; 2) determine isotherm 

coefficients so that melamine load on GAC in different steps of the bioregeneration process 

could be calculated. Eight different melamine initial concentrations were used, ranging from 

8 to 387 mg/L, in a total volume of 50 mL mineral media (Table S4.1). Relatively high 

melamine concentrations were used so that the initial concentration of the bioregeneration 

step would be within the concentration range of the isotherm. A mass of 0.05 g GAC was 

added to bottles with different melamine initial concentrations and mixed at 120 rpm at 

20°C for 21 days. AcquaSorbTM K-CS (Jacobi®) was used in our experiments, a coconut 

shell-based activated carbon, that is thermally activated and which has 96% of internal 

surface area as micropores (Piai et al., 2019). Before being used, the GAC was sieved to 

obtain particle sizes between 0.5 and 1 mm diameter.  

Samples for equilibrium concentration were taken at day 21 and GAC was filtered from the 

solution using filter papers. GAC was dried for approximately 1 h and transferred to new 

bottles for desorption. These bottles contained 47 mL mineral media and 3 mL inactive 

biomass to a final VSS concentration of 77 mg/L. The media had the same composition as in 

the adsorption step but without melamine. Inactive biomass consisted of melamine 

degrading sludge, centrifuged and resuspended in buffer (Table S4.1), inactivated by 

autoclaving it twice in consecutive days. Bottles were kept at 20°C, mixed at 120 rpm and 

desorption equilibrium samples were taken after 21 days to measure melamine 

concentration. A control without GAC and with melamine was done to verify that the 

inoculum was inactivated. 

The Freundlich isotherm (Eq. 4.1) was used to fit the adsorption data using a non-linear 

optimization as suggested by Tran et al. (2017), starting from the linearized form of the 

model (Eq. 4.2) 

𝑞𝑞𝑒𝑒 = 𝐾𝐾𝑓𝑓,𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑒𝑒𝑛𝑛 Eq. 4.1 

log 𝑞𝑞𝑒𝑒 =  𝑛𝑛 𝑙𝑙𝑙𝑙𝑙𝑙 𝑐𝑐𝑒𝑒 + log𝐾𝐾𝑓𝑓,𝑎𝑎𝑎𝑎𝑎𝑎 Eq. 4.2 

where 𝐾𝐾𝑓𝑓,𝑎𝑎𝑎𝑎𝑎𝑎 is the adsorption Freundlich constant (L/g), 𝑐𝑐𝑒𝑒  is the melamine concentration at 

equilibrium (mg/L), and 𝑛𝑛 is the Freundlich intensity parameter (dimensionless). 
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Data from the adsorption isotherms were used to determine the coefficients 𝐾𝐾𝑓𝑓,𝑎𝑎𝑎𝑎𝑠𝑠 and 𝑛𝑛. 

The n value obtained for the adsorption isotherm was used as input, together with the 

desorption data, to determine the desorption Freundlich constant (𝐾𝐾𝑓𝑓,𝑑𝑑𝑑𝑑𝑑𝑑, in L/g) similar to 

the procedure followed by Aschermann et al. (2019b). The purpose of this approach is to 

compare adsorption and desorption affinities based on a single coefficient (𝐾𝐾𝑓𝑓). 

4.2.6 Bioregeneration of GAC loaded with melamine 
Melamine degrading biomass was used to bioregenerate GAC loaded with melamine in a 3-

step batch experiment as follows (Figure 4.2): 

1) GAC loading: fresh GAC was loaded with melamine;

2) GAC bioregeneration: melamine degrading biomass was added to melamine

loaded GAC;

3) GAC reloading (assessment of bioregeneration extent): bioregenerated GAC was

reloaded to assess its remaining adsorption capacity and quantify the extent of

bioregeneration.

Figure 4.2: Schematic representation of steps in GAC bioregeneration experiment. 

4.2.6.1 GAC loading 
In the GAC loading step, 0.15 g GAC was used to adsorb melamine at an initial 

concentration of 246 mg/L in 150 mL of mineral media (Table S4.1). This relatively high 

melamine concentration was used so that the melamine load on GAC would be close to 

saturation levels and the effect of bioregeneration would be detectable. Bottles containing 

GAC, melamine and mineral media were mixed at 120 rpm at 20°C for 7 days. Liquid 
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samples (3 mL) were taken every hour between the beginning of the experiment and 4.5 h, 

and once a day on days 1, 2, 3, 6 and 7. A total of 4 replicate bottles were prepared and 

sampled either every hour until 4.5 h or daily until day 7 to avoid subtracting more than 

10% of liquid volume by sampling during the adsorption periods.  

4.2.6.2 GAC bioregeneration 
After the loading step, GAC was separated from the solution using filter paper, dried for 1 h 

and transferred to a clean bottle containing 140 mL mineral media (Table S4.1) spiked with 

36 µL methanol and 10 mL melamine degrading biomass centrifuged and resuspended in 

buffer (Table S4.1). The VSS concentration in the bottles was 82 mg/L. Pure methanol was 

added in fractionated doses (6 µL each dose) between days 0 and 6, to avoid methanol 

toxicity. An abiotic control was taken along, with autoclaved biomass as inoculum. 

Methanol was added to the control only on the first day and demineralized water was 

added in the following days to keep the total liquid volume the same in test and control 

conditions.  

After 7 days of incubation under oxic conditions, head space was replaced by 100% N2 to 

obtain anoxic conditions and 300 µL 1% methanol was added. The bottles remained anoxic 

for 7 days. After the bioregeneration period (14 days), liquid samples were taken from the 

biologically active bottle and abiotic control for measuring melamine concentration, 

followed by autoclaving the bottles and cooling. GAC was separated from the solution 

using filter paper and added to bottles with fresh medium with melamine to reload the 

GAC and assess the extent of bioregeneration in the third step of our experiment (4.2.6.3).  

Residual melamine load on GAC (in mg/g) for the bioregenerated GAC (𝑞𝑞0,2𝑏𝑏𝑏𝑏𝑏𝑏) and abiotic 

control (𝑞𝑞0,2𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) at the end of this step were calculated based on the melamine concentration 

in the liquid phase in each treatment (𝑐𝑐0,2𝑏𝑏𝑏𝑏𝑏𝑏  and 𝑐𝑐0,2𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   in mg/L) and by using the 

desorption isotherm coefficients (see 4.2.5), according to Eq. 4.3. 

𝑞𝑞0,2(𝑎𝑎)𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐾𝐾𝑓𝑓,𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐0,2(𝑎𝑎)𝑏𝑏𝑏𝑏𝑏𝑏
𝑛𝑛 Eq. 4.3 

4.2.6.3 GAC reloading (assessment of bioregeneration extent) 
To assess the extent of bioregeneration, bioregenerated GAC and the abiotic control were 

reloaded at the same conditions as the GAC loading step, i.e., 150 mL mineral media, 251 

mg/L melamine and the full amount of GAC from step 2. Bottles were sampled at the same 

time points as in the first GAC loading step (4.2.6.1).  
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Melamine concentration on day 7 was used to calculate melamine load on GAC which we 

assumed to be at equilibrium, based on the melamine mass balance, according to Eq. 4.4 

𝑞𝑞𝑒𝑒,𝑖𝑖 =
�𝑐𝑐0,𝑖𝑖 − 𝑐𝑐𝑒𝑒,𝑖𝑖�𝑣𝑣

𝑚𝑚
Eq. 4.4 

where 𝑞𝑞𝑒𝑒,𝑖𝑖 (mg/g) is the melamine load on GAC at equilibrium (day 7), 𝑐𝑐0,𝑖𝑖  (mg/L) is the 

initial melamine concentration, 𝑐𝑐𝑒𝑒,𝑖𝑖 (mg/L) is the melamine concentration at equilibrium 

(day 7), 𝑣𝑣 (L) is the solution volume and 𝑚𝑚 (g) is the GAC mass. The index 𝑖𝑖 refers either to 

the GAC loading (1) or reloading (2bio and 2abio) steps.  

Bioregeneration efficiency (%) was determined by subtracting the adsorption capacity of the 

abiotic control from the adsorption capacity of the bioregenerated GAC, normalized on the 

adsorption capacity of the abiotic control, according to Eq. 4.5: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (%) =  
𝑞𝑞𝑒𝑒,2𝑏𝑏𝑏𝑏𝑏𝑏 −  𝑞𝑞𝑒𝑒,2𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  

𝑞𝑞𝑒𝑒,2𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑥𝑥100 Eq. 4.5 

where 𝑞𝑞𝑒𝑒,2𝑏𝑏𝑏𝑏𝑏𝑏 and 𝑞𝑞𝑒𝑒,2𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 are the adsorption capacity of the bioregenerated GAC and the 

abiotic control on day 7 of the reloading step, based on the mass balance as described in Eq. 

4.4.   

Total melamine load on GAC after reloading was calculated for the bioregenerated GAC 

and the abiotic control, according to Eq. 4.6.  

𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑞𝑞𝑒𝑒,2(𝑎𝑎)𝑏𝑏𝑏𝑏𝑏𝑏 + 𝑞𝑞0,2(𝑎𝑎)𝑏𝑏𝑏𝑏𝑏𝑏 
Eq. 4.6 

where 𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (mg/g) is the total melamine load on GAC after the reloading step. 

4.2.7 Adsorption kinetics 
A pseudo-first-order kinetic equation, as described by Ho and McKay (1998) (Eq. 4.7), was 

used to fit the adsorption data and compare the adsorption rates of fresh GAC, 

bioregenerated GAC and abiotic control. We used a non-linear optimization as suggested by 

Tran et al. (2017), starting from the linearized form of the equation (Eq. 4.8) 

𝑞𝑞𝑡𝑡,𝑖𝑖 =  𝑞𝑞𝑒𝑒,𝑖𝑖(1 − 𝑒𝑒−𝑘𝑘1𝑡𝑡) Eq. 4.7 

𝑙𝑙𝑙𝑙�𝑞𝑞𝑒𝑒,𝑖𝑖 − 𝑞𝑞𝑡𝑡,𝑖𝑖� = −𝑘𝑘1𝑡𝑡 + 𝑙𝑙𝑙𝑙 (𝑞𝑞𝑒𝑒,𝑖𝑖) Eq. 4.8 
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where 𝑞𝑞𝑡𝑡,𝑖𝑖 (mg/g) is the amount of melamine adsorbed at time 𝑡𝑡 (h), 𝑞𝑞𝑒𝑒,𝑖𝑖 (mg/g) is the amount 

of melamine adsorbed at equilibrium (day 7) and 𝑘𝑘1 (1/h) is the adsorption rate constant. 

The index 𝑖𝑖 refers either to the GAC loading (1) or reloading (2bio and 2abio) steps. 

4.2.8 Chemical analysis 
All liquid samples were filtered with 0.2 µM polyethersulfone membrane filters and either 

analysed immediately (for ammonium), within 7 days (nitrate and nitrite) or stored at -20°C 

until analysis (for melamine and ammeline).  

Melamine and ammeline concentrations were measured by LC coupled to UV-detection. In 

the same system, ammelide and cyanuric acid were detected but could not be separated and, 

therefore, could not be quantified. The LC consisted of a Ultimate 3000 coupled to a 4 

channel UV detector (Dionex) and the compounds were detected at 220 nm. First, a method 

was used in which sample volumes of 50 µL were injected onto a Luna Omega column 

(150 mm x 4.6 mm, 3 µm) maintained at 40°C. The compounds were separated using 

gradient elution with a flow of 1 mL/min. Solvents were (A): water/ammonium formate 

2mM/formic acid 0.016% (v/v) and (B): methanol/ammonium formate 2 mM/formic acid 

0.016% (v/v). The gradient applied was: 0-3 min linearly increased to 100% B, 3-5 min stable 

at 100% B, decreased in 2 min to 0% B and stable at this condition until 8 min. Thereafter, the 

method was changed and sample volumes of 5 µL were injected onto a Luna CN column 

(250 mm x 4.6 mm, 3 µm) maintained at 35°C. Compounds were separated using isocratic 

elution of sodium phosphate buffer 5 mM at pH 6.7.  

Nitrate and nitrite were measured using ion chromatography, as described in Wagner et al. 

(2020). Ammonium was measured using Hach Lange colorimetric kits (LCK 303 and LCK 

305) and a spectrophotometer (Hach Lange DR 3900).

4.3 Results and discussion 
4.3.1 Melamine biodegradation in oxic and anoxic conditions 
Figure 4.3a shows that melamine was biodegraded in both oxic and anoxic conditions and 

that the biodegradation rate was faster in the latter. Ammeline, the first degradation product 

of melamine, was also degraded faster in anoxic conditions (Figure 4.3b). Ammelide and/or 

cyanuric acid were still present in oxic bottles on day 10 whereas they were not detected in 

anoxic bottles on that day (data not shown). Methanol did not increase the melamine 

biodegradation rate. 
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Figure 4.3: Melamine (a) and ammeline (b) concentrations in oxic and anoxic conditions, with and 
without methanol. Duplicates are plotted individually and lines connect the mean value of the 
duplicates in each time point. 

The addition of methanol mainly affected the nitrification rate, rather than the melamine 

biodegradation rate. In the oxic bottles with and without methanol, 36% or more of the 

nitrogen was still present as ammonium on day 6 (Figure 4.4a). The accumulation of 

ammonium shows that nitrification rate was slower than melamine biodegradation rate. In 

the oxic bottles without methanol, 85% of the nitrogen from melamine was converted to 

nitrate in 10 days. When methanol was present, less than 45% of nitrogen was converted to 

nitrate (Figure 4.4b).  
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Figure 4.4: Relative nitrogen concentration in melamine, ammeline, nitrate and ammonium in melamine 
biodegradation test, based on melamine as sole nitrogen source. Both duplicates are shown. a: day 6; b: 
day 10. 

The negative effect of methanol on nitrification rate is not fully understood. First, methanol 

did not result in a limiting oxygen concentration, as presented by the oxygen concentrations 

in our batches. Sufficient oxygen (>14 %) was present in the oxic bottles with and without 

methanol (Table S4.4). Furthermore, nitrite was not detected in any of the samples, also 

indicating that oxygen did not limit nitrification. As nitrite oxidation is affected by low 

dissolved oxygen levels to a larger extent than ammonium oxidation (Soliman and Eldyasti, 

2018), nitrite would have accumulated in the media if oxygen had been limiting in our 

batches. Second, methanol can bind to the ammonium mono-oxygenase, one of the enzymes 

involved in nitrification, and hence inhibit it (McBride et al., 2019). Inhibition of nitrification 

by methanol has been reported in literature (Jönsson et al., 2001; Martin and Richard, 1982; 

Suzuki et al., 1976; Voysey and Wood, 1987), although most studies report inhibitory effects 

at levels at least 10 times higher than the initial concentration used in this experiment (8.5 

mg/L). We did not expect toxic effects from methanol at this concentration, given that 

methanol is used as carbon source for denitrification in the WWTP where the sludge 

originated in doses up to 400 mg/L. Therefore, the observed inhibition of nitrification in the 

presence of methanol requires further investigation.  

Our results show that melamine can be biodegraded in both oxic and anoxic conditions, 

which is in agreement with previous studies. Most melamine biodegradation studies have 
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been performed in oxic conditions (El-Sayed et al., 2006; Shiomi and Ako, 2012; Takagi et al., 

2012; Wang et al., 2014) and the study of Jutzi et al. (1982) is the sole report of melamine 

biodegradation in anoxic conditions.  

4.3.2 Effect of alternating redox conditions on melamine biodegradation 
In a follow-up experiment, we assessed melamine biodegradation in alternating oxic and 

anoxic conditions. Melamine was biodegraded to a larger extent when oxic and anoxic 

conditions were alternated, compared to maintaining oxic conditions throughout the 

incubation period (Figure 4.5). Comparing alternating redox conditions, melamine was 

degraded faster when methanol was supplied in both oxic and anoxic periods (Figure 4.5a). 

When oxic conditions were maintained throughout the experiment, the addition of 

methanol did not increase the melamine biodegradation rate (Figure 4.5b).  

Figure 4.5: Melamine concentration in biodegradation experiment. a: alternating oxic (blue background) 
and anoxic (red background) conditions. b: oxic conditions. For details of experimental setup, see Table 
4.1. In plot a, duplicates are plotted individually and lines connect the mean value of the duplicates in 
each time point. 

Ammonium did not accumulate in the batches, neither in the oxic, nor in the anoxic periods 

(Table S4.5), differently from our results when only oxic or only anoxic conditions (see 4.3.1) 

were applied, and up to 43 mg NH4-N/L accumulated. In those oxic conditions, melamine 

degradation rate was 4.9 mg-N/L.d in the first 3 days (4.3.1, Figure 4.3), whereas melamine 

degradation rate was 1.3 mg-N/L.d in the first 4 days in the experiment with alternating 

conditions (Figure 4.5). This shows a difference in melamine biodegradation rates in the first 

days in oxic conditions, despite their similar set-up. The lower degradation rate was likely a 

result of the applied pre-culturing period. As a result, nitrification was the rate limiting step 
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for nitrate production in 4.3.1, resulting in accumulation of ammonium in the medium, 

whereas melamine degradation was the rate limiting step for nitrate production in this 

experiment.   

Ammonium accumulation was expected in the anoxic periods, when ammonium is 

produced from the degraded melamine, and nitrification does not occur due to the lack of 

oxygen. Considering the stoichiometry of melamine degradation and ammeline production 

in the first anoxic period (days 4 to 14), 1.0 to 4.6 mg-N/L of ammonium should be 

produced. However, this stoichiometry was not reached, as ammonium concentration in all 

batches in this period remained below 0.05 mg-N/L (Table S4.5). No nitrite was detected in 

this period, confirming that partial nitrification did not occur. The fate of the nitrogen 

released from melamine in the anoxic periods in this experiment remains to be clarified.  

When methanol was supplied in the anoxic period, the nitrate produced in the oxic period 

was removed by denitrification (Figure 4.6a and S4.1a). Without methanol in the anoxic 

period, the nitrate concentration decreased slightly between days 21 and 30 (Figure 4.6b). 

The decrease in nitrate concentration indicates that the carbon present in melamine becomes 

available when the aromatic ring is hydrolysed, and is used for denitrification. The 

denitrification rate in that case is much lower compared to denitrification with methanol. 

Furthermore, methanol had a negative impact on nitrification rates in this experiment, like 

in our experiments with either only oxic or anoxic conditions (4.3.1). This is shown by the 

average nitrate concentration on day 4, which was 20% lower in bottles with methanol, 

compared to bottles where no methanol was added. Overall, the results indicate that 

methanol increases melamine biodegradation rate when nitrogen limiting conditions are 

created, despite the negative influence of methanol on nitrification rates.  

Considering our results on the effect of redox conditions and additional carbon source on 

melamine biodegradation, we conclude that the most favourable conditions for melamine 

biodegradation are created when nitrogen is removed from the media and methanol is 

supplied in both oxic and anoxic periods. Therefore, these conditions were applied to 

bioregenerate GAC loaded with melamine. 
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Figure 4.6: Melamine, ammeline and nitrate concentrations during melamine biodegradation. 
a: alternating oxic and anoxic conditions with methanol in both periods. b: alternating oxic and anoxic 
conditions without methanol. Duplicates are plotted individually and lines connect the mean value of 
the duplicates in each time point. 

4.3.3 Bioregeneration of GAC loaded with melamine 

4.3.3.1 Reversibility of melamine adsorption 
Melamine adsorption and desorption isotherms were fit with the Freundlich model to assess 

reversibility of melamine adsorption (Figure S4.2). The calculated Freundlich constant for 

adsorption (𝐾𝐾𝑓𝑓,𝑎𝑎𝑎𝑎𝑎𝑎) and desorption (𝐾𝐾𝑓𝑓,𝑑𝑑𝑑𝑑𝑑𝑑) were 30.4 and 30.8 L/g respectively. The similar 

values of 𝐾𝐾𝑓𝑓,𝑎𝑎𝑎𝑎𝑎𝑎 and 𝐾𝐾𝑓𝑓,𝑑𝑑𝑑𝑑𝑑𝑑 indicate that melamine adsorption is a fully reversible process on 

the conditions tested, i.e., in the presence of inactive biomass. 

4.3.3.2 GAC bioregeneration 
Bioregeneration was achieved by mixing loaded GAC with melamine degrading biomass 

(Figure 4.2, step 2). The average melamine concentration at the end of the bioregeneration, 

i.e. after 14 days, was 0.6 mg/L in the biologically active bottles and 46 mg/L in the abiotic

controls. These concentrations were used to calculate the melamine load on GAC at the end

of the bioregeneration step (𝑞𝑞0,2𝑏𝑏𝑏𝑏𝑏𝑏 and 𝑞𝑞0,2𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎), by applying the desorption isotherm

coefficients, according to Eq. 4.3 (Table 4.2).
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Table 4.2: Melamine concentration and calculated melamine load on GAC at the end of the GAC 
bioregeneration (step 2*) in the bioregeneration experiment (Figure. 4.2). 

 𝑐𝑐0,2  (mg/L) 𝑞𝑞0,2** (mg/g) 

Biologically active 0.6 23 

Abiotic control 46 134 

* See Figure 4.2 for the experimental steps. 
** Based on Freundlich isotherm (Eq. 4.3). 

Since melamine concentration was much lower in the biologically active bottles than in the 

controls, we decided to proceed to the next step, i.e., reloading the GAC, instead of applying 

a second oxic period.  

After bioregeneration, biomass was inactivated and the remaining adsorption capacity of 

the GAC was assessed reloading the treated GAC. The extent of bioregeneration in this 

study was assessed by measuring the adsorption capacity of the bioregenerated GAC 

compared to the abiotic control which was exposed to inactive biomass (see also Figure 4.2, 

step 3). The adsorption capacity of bioregenerated GAC at equilibrium was higher than of 

the abiotic control but lower than of the fresh GAC (Table 4.3).  

Table 4.3: Amount of melamine adsorbed by fresh GAC in the loading step and by bioregenerated GAC 
and abiotic control in the reloading step. 

GAC Experimental step* 𝑐𝑐0,𝑖𝑖  (mg/L) 𝑐𝑐𝑒𝑒,𝑖𝑖 (mg/L) 𝑞𝑞𝑒𝑒,𝑖𝑖** (mg/g) 

Fresh 1 (GAC loading) 246 79 166 

Bioregenerated 3 (GAC reloading) 251 128 124 

Abiotic control 3 (GAC reloading) 251 154 97 
* See Figure 4.2 for the experimental steps. 
** Based on mass balance (Eq. 4.4). 

A bioregeneration efficiency of 28% was calculated (Eq. 4.5), which is lower than reported 

bioregeneration efficiencies for GAC loaded with phenolic compounds (Oh et al., 2011), but 

comparable to efficiencies obtained in batch systems for GAC loaded with surfactants 

(Klimenko et al., 2003). This relatively low bioregeneration efficiency in our study is 

partially due to the high adsorption capacity of the abiotic control when reloaded (97 mg/g). 

The high adsorption capacity of the abiotic control shows that significant regeneration was 

achieved as a consequence of the experimental design, i.e., simply by transferring the GAC 

to a solution without melamine (second experimental step). These results also show that 

bioregeneration efficiency cannot be assessed in our study by comparing the adsorption 
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capacity of bioregenerated and fresh GAC, as recommended by Narbaitz and Cen (1997), 

otherwise unrealistic high efficiencies would be calculated. 

4.3.3.3 Limiting factors for bioregeneration 
We compared the total melamine load on GAC after reloading (𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, Eq. 4.6), to the 

expected load based on the melamine concentration in the liquid phase at the end of the 

reloading step and the adsorption isotherm coefficients. We also compared the melamine 

load on fresh GAC (𝑞𝑞𝑒𝑒,1) to the expected load based on the adsorption isotherm. Results 

show that for the fresh GAC and the abiotic control, the total melamine load on GAC 

matches the expected load based on the adsorption isotherm (Figure 4.7). For 

bioregenerated GAC, the total melamine load on GAC is lower (27%) than the expected load 

based on the adsorption isotherm, indicating that not all adsorption capacity could be 

regenerated. 

Figure 4.7: Melamine load on fresh GAC, bioregenerated GAC and abiotic control compared to the 
expected load based on the adsorption and desorption isotherms. 

A possible explanation for the unexpected lower adsorption capacity of bioregenerated 

GAC is related to the adsorption of intermediate products of melamine biodegradation 

(ammeline, ammelide and cyanuric acid). These compounds were not detected in the end of 

the bioregeneration step and did not accumulate in any of the melamine biodegradation 

experiments. However, we may assume that melamine degradation products were present 

at concentrations below the detection limits of the analytical method, hence a fraction of 

them was adsorbed. Such a fraction would use adsorption sites in the GAC, thus 

contributing to the lower availability of adsorption sites for melamine.  

●

adsorption 
capacity 
not 
regenerated

50

100

150

200

0 50 100 150
ce (mg/L)

e q
(m

g/
L)

●
fresh
bioregenerated
non−bioregenerated 

 control)(abiotic
adsorption isotherm
desorption isotherm



Melamine degradation to bioregenerate granular activated carbon  

101 

4 

Additionally, the reduced adsorption capacity of the bioregenerated GAC can also be 

related to the release of melamine previously adsorbed. The release of adsorbed melamine 

may be hindered by the presence of dissolved (and adsorbed) organic matter due to pore 

blockage, which would lead to desorption hysteresis (Aschermann et al., 2019a, 2019b). This 

effect is stronger in microporous GACs (Aschermann et al., 2019b), as is the case for the 

GAC used in this experiment (Piai et al., 2019). Our desorption isotherm shows that 

melamine adsorption was fully reversible in the presence of inactivated melamine 

degrading biomass (Figures 4.7 and S4.2). However, in the presence of active biomass, as 

used in our GAC bioregeneration experiment, organic molecules, products of microbial 

activity, can hinder desorption by causing pore blockage (Smolin et al., 2020). These organic 

molecules produced by the biomass can also have decreased bioregeneration efficiency by 

competing with melamine for adsorption sites in the GAC reloading step. Likely, these 

factors combined contributed to limiting the extent of bioregeneration. Nevertheless our 

results clearly show that bioregeneration can partially restore GAC adsorption capacity. 

4.3.3.4 Melamine adsorption rate 
The adsorption rate of melamine to fresh GAC, to bioregenerated GAC and to the abiotic 

control was assessed to evaluate the effect of GAC bioregeneration on adsorption kinetics. 

Similar adsorption kinetics would indicate if adsorption sites in all pore sizes are subject to 

bioregeneration to the same extent. In the first 2.5 h, bioregenerated GAC adsorbed 

melamine to a similar extent as fresh GAC (Figure 4.8a). After this period, the adsorption 

capacity of bioregenerated GAC started to diverge from the fresh GAC. After 7 days the 

bioregenerated GAC showed an adsorption capacity that was intermediate between fresh 

GAC and non-bioregenerated GAC (Figure 4.8b). The effect of bioregeneration on the 

adsorption rate of each GAC in the first hours and after 7 days can also be observed by 

comparing the first-order adsorption rate constants (𝑘𝑘1) of  fresh, bioregenerated and non-

bioregenerated GAC (Figure 4.8). The values of 𝑘𝑘1 are similar for bioregenerated and fresh 

GAC and more than 3 times higher than for non-bioregenerated GAC in the first 4.5 hours 

of adsorption. However, the differences are smaller (less than double) when comparing the 

adsorption rates of all GACs in a period of 7 days. These results show that melamine 

biodegradation could restore part of the GAC adsorptive capacity, with a higher impact on 

adsorption rate than on the total adsorption capacity.  
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Figure 4.8: Melamine adsorption by fresh and bioregenerated and abiotic control and respective first-
order adsorption constant (𝑘𝑘1 in 1/h) in the period. a: First 4.5 hours of adsorption. b: 7 days of 
adsorption. Data points represent experimental data. Lines represented fitted pseudo-first order kinetics 
equation (Eq. 4.7). 

The faster adsorption observed for the bioregenerated GAC compared to non-

bioregenerated GAC supports the hypothesis of melamine desorption hysteresis due to pore 

blockage. Pore blockage is likely to happen in the smallest pore fraction of the GAC 

(Aschermann et al., 2019b). This means that melamine only desorbs from adsorption sites in 

the larger pore fraction and hence those are the pores subject to bioregeneration. 

Consequently, bioregenerated adsorption sites can be rapidly reached in the second 

adsorption test, reflecting in faster adsorption rates in bioregenerated GAC compared to 

non-bioregerenated GAC. These results have also been demonstrated in other modelling 

and experimental studies. Roy et al. (1999) modelled adsorption kinetics and calculated an 

intra-particle diffusion coefficient (Ds) for bioregenerated and fresh GAC, obtaining a higher 

Ds value for bioregenerated GAC. Furthermore, studies showed that the deepest layers of 

GAC loaded with surfactants or nitrophenol were not bioregenerated and most 

bioregeneration took only place in the mesopore fraction (Klimenko et al. 2003; Smolin et al. 

2020). In our study, we provide additional evidence that bioregeneration happens mainly in 

the larger and more easily accessible pore fraction of the GAC.  
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4.4 Conclusions 
Our results show that melamine is biodegraded in oxic and anoxic conditions. In addition, 

alternating oxic and anoxic conditions promote further melamine biodegradation when an 

additional carbon source is present, as nitrogen limiting conditions are created and 

melamine is used as a nitrogen source.   

Supply of an additional carbon source and alternating redox conditions were successfully 

applied to bioregenerate GAC preloaded with melamine. A 3 step-batch experiment was 

used to allow dividing the processes (GAC loading, bioregeneration and reloading) in 

different steps and calculate the extent of bioregeneration. In practice, GAC is often used in 

fixed- or fluidized-bed filters (Worch, 2012), where bioregeneration can be achieved in situ.  

Bioregeneration partly restored the GAC’s original adsorption capacity. The effect of 

bioregeneration is more pronounced in the first hours of adsorption. Bioregenerated GAC 

adsorbed almost as much melamine as fresh GAC in the first 4.5 hours of adsorption, and 

after this period, the bioregenerated GAC showed less adsorption capacity than the fresh 

GAC. This indicates that the regenerated adsorption sites are mainly the ones present in the 

largest and more quickly accessed pore fraction of the GAC.  

To conclude, we have shown that the use of biomass capable of degrading micropollutants 

has the potential to extend the lifetime of GAC, hence reducing the need for thermal GAC 

reactivation. Knowledge on optimal conditions for biodegradation of micropollutants allows 

designing bioregeneration processes and avoids GAC thermal reactivation.  
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Supplementary information to Chapter 4 

S4.1 Media composition 

Table S4.1: Composition of media used in the experiments. 

Concentration (g/L) 

Buffer 

Na2HPO4.2H2O  1.78 

KH2PO4 1.36 

Macro nutrients 

CaCl2.2H2O 4.8*10-2 

MgSO4.7H2O 5.4*10-2 

Trace elements 

FeCl2.4H2O 1.2*10-3 

CoCl2.6H2O 1.2*10-3 

MnCl2.4H2O  3*10-4 

CuCl2.2H2O 1.8*10-5 

ZnCl2  3*10-5 

HBO3  3*10-5 

(NH4)6Mo7O24.4H2O 5.4*10-5 

Na2SeO3.5H2O 6*10-5 

NiCl2.6H2O  3*10-5 

EDTA (tripex 2) 6*10-4 

Na-Resazurin 3*10-4 

HCl 36% 7.2*10-4 

S4.2 Effect of alternating redox conditions on melamine biodegradation – 
Materials and methods 

S4.2.1 Inoculum 
A volume of 10 mL melamine degrading sludge, centrifuged and resuspended in media was 

used to inoculate batches with a total working volume of 150 mL. On day 7, acetate was 

added to a concentration of 85 mg/L and the gas phase was replaced by 100% N2 to allow for 
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denitrification. On day 13, the bottle was stored at 4°C. After 18 days of storage, this batch 

was used to inoculate the experiment described in 2.4. 

S4.2.2 Experimental conditions 
Table S4.2: Detailed experimental conditions of melamine biodegradation test in alternating redox 
conditions.

Blue indicates oxic periods and red indicates anoxic periods; M indicates addition of methanol. 

Table S4.3: Volume and concentration of methanol added to bottles of experiment described in 4.2.4. 
Day Condition Volume methanol 

stock (µL) 
Concentration 

methanol stock (%) 
0 1, 4 50 10 
4 1, 2 250 1 
7 1 200 1 
7 2 275 1 

14 1, 4 50 10 
23 1 300 1 
25 2 250 1 
31 1, 4 50 10 

Blue indicates oxic periods and red indicates anoxic periods. 

S4.3 Melamine biodegradation in oxic and anoxic conditions 
Table S4.4: Oxygen concentration (%) in gas phase of melamine degrading batches in fully oxic or 
anoxic conditions. 

Day 

Bottle 0 2 7 10 

Oxic MeOH_1 20.7 19.0 16.5 14.2 

Oxic MeOH_2 n.m. n.m. 17.9 17.6 

Oxic_1 n.m. n.m. 16.5 13.1 

Oxic _2 n.m. n.m. n.m. 12.1 

Anoxic MeOH_1 0.4 0.2 0.2 n.m.

Anoxic MeOH _2 0.2 n.m. n.m. n.m.

Anoxic_1 0.2 0.2 <L.O.D. n.m.

Anoxic_2 0.2 n.m. n.m. n.m.
1 and 2 stand for replicates of each condition; n.m.: not measured; L.O.D: limit of detection. MeOH: methanol. 
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S4.4 Effect of alternating redox conditions on melamine biodegradation – 

Results 

Figure S4.1: Melamine, ammeline and nitrate concentrations during melamine degradation. 
a: alternating oxic and anoxic conditions with methanol in anoxic period; b: oxic conditions with 
methanol; c: oxic conditions without methanol.  

Table S4.5: Ammonium concentration (mg-N/L) in melamine degrading batches in alternating redox 
conditions.  

Condition Day 

0 4 14 21 

1 1.22 0.17 0.05 2.32 

2 1.37 0.12 0.03 0.06 

3 1.37 0.12 0.02 0.97 

4 1.26 0.17 0.06 0.12 

5 n.m. n.m. 0.03 0.07 
1: methanol added in oxic and anoxic periods; 2: methanol added in anoxic period only; 3: no methanol added in 
either period; 4: oxic with methanol; 5: oxic without methanol. n.m.: not measured. 
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S4.5 Melamine adsorption and desorption isotherm 

 Figure S4.2: Adsorption and desorption isotherms and respective Freundlich parameters. 
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ABSTRACT 

The contamination of surface water with micropollutants represents a challenge for the 

production of safe drinking water. Granular Activated Carbon (GAC) filters, used in 

drinking water production, can remove micropollutants through adsorption. GAC 

adsorption capacity reduces with time, hence GAC needs to be reactivated regularly, which 

is an energy intensive process that contributes significantly to the carbon footprint of water 

filtration with GAC. Micropollutants can also be removed in GAC filters through 

biodegradation when the conditions are suitable. This can provide more sustainable 

alternatives to GAC reactivation. The micropollutant melamine is frequently detected in 

surface water and is used in the present study as a model compound to quantify 

bioregeneration of GAC filters treating water contaminated with micropollutants. We 

assessed the contribution of melamine biodegradation to the total removal in addition to 

adsorption in lab-scale GAC filters inoculated with melamine degrading biomass. We 

evaluated the effect of an additional carbon source (methanol) and contact time on 

melamine removal efficiency using two different inoculation methods. We demonstrate that 

inoculation of GAC filters with melamine degrading biomass increases melamine removal 

efficiency by at least 29% in the absence of an additional carbon source. When an additional 

carbon source (methanol) is supplied to inoculated filters, melamine removal is almost 

complete (up to 99%) and no breakthrough is observed. Finally, up to 98% bioregeneration 

can be obtained for a filter that is close to saturation after an additional carbon source 

(methanol) starts being supplied.  

Manuscript in preparation: 
Piai, L., Langenhoff, A., de Wilde, V., van der Wal, A. Biodegradation of melamine in activated 
carbon filters resulting in bioregeneration. 
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5.1 Introduction 
Surface water contains many persistent organic contaminants in the concentration range 

from ng/L to µg/L (Ruff et al., 2015; Tröger et al., 2020), also referred to as micropollutants. 

Melamine is such a micropollutant, which is  frequently detected in surface waters (RIWA-

Maas, 2017; RIWA-Rijn, 2018; Ruff et al., 2015; Seitz and Winzenbacher, 2017). This 

industrial chemical is used for a wide range of applications, including production of resins 

and plastics (Smit, 2018). Melamine can reach the surface water during the production 

process and/or during the use of products containing melamine and its derivatives (Smit, 

2018).  

Micropollutants, such as melamine, can be partly removed from surface water by applying 

Granular Activated Carbon (GAC) filters. GAC filters have been used for decades in 

drinking water production plants and their application for wastewater treatment is 

increasing (Benstoem et al., 2017; Reungoat et al., 2010). The removal efficiency of 

contaminants in GAC filters tends to reduce with time (Piai et al., 2020; Tröger et al., 2020), 

as contaminants accumulate on the GAC surface, exhausting its adsorption capacity. To 

recover the adsorption capacity, the GAC has to be reactivated frequently, which is typically 

done by applying high temperatures (>700°C) (Mo et al., 2018; Worch, 2012). During 

reactivation, around 10% of GAC is lost (Bayer et al., 2005) and, therefore, replenishment 

with new GAC is needed. Life cycle analyses show that 80% of the carbon footprint of water 

filtration with GAC is related to producing or replacing the adsorbent (Mo et al., 2018). 

Hence, it is crucial to reduce the GAC reactivation frequency to reduce this carbon footprint.  

One possible strategy to increase micropollutants removal efficiency in GAC filters and 

reduce the need for GAC reactivation is bioregenerating the GAC by biological degradation 

of the micropollutants. Bioregeneration is achieved when micropollutants are removed by 

biodegradation from the liquid phase, causing previously adsorbed micropollutants to 

desorb from the GAC, due to a gradient in the concentration from the GAC to the liquid. 

This process can continue as long as desorption is not hindered and biodegradation can take 

place (Aktaş and Çeçen, 2007; Sirotkin et al., 2001).  

Biodegradation of micropollutants in GAC filters requires the presence of microorganisms 

capable of degrading the contaminants under the filter conditions. It has been shown that 

melamine is not sufficiently removed in pilot-scale GAC filters and is not biodegraded by 

indigenous biomass grown in GAC filters used for drinking water production (Brunner et 

al., 2020; Piai et al., 2020a). Yet, melamine can be biodegraded by specific microorganisms 
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isolated from soil and industrial wastewater treatment (El-Sayed et al., 2006; Takagi et al., 

2012; Wang et al., 2014). We previously demonstrated that melamine degrading 

microorganisms can be used to restore 28% of the GAC adsorption capacity through 

bioregeneration (Piai et al., 2020b).  

In this paper, we describe the removal of melamine in lab-scale GAC filters that are 

inoculated with melamine degrading biomass, thus turning into biological activated carbon 

(BAC) filters. We assessed the effect of an additional carbon source (methanol) and empty 

bed contact time (EBCT) on melamine removal efficiency, as well as the efficacy of two 

different inoculation methods. Moreover, we studied melamine desorption from the filter 

bed by feeding the filter with influent without melamine. Finally, we were able to quantify 

GAC bioregeneration in a nearly saturated filter when melamine biodegradation rates 

increased.  

5.2 Materials and methods 
5.2.1 Experimental setup 

Melamine removal was tested in lab-scale filters with and without inoculation of melamine 

degrading biomass. The filters were made of glass cylinders with 2.6 cm internal diameter 

and 20 cm length. Each filter had 2 sampling points located at 6.0 - 8.0 cm (A) and 2.5 - 4.5 

cm (B) from the bed bottom (Figure 5.1). The dead volume of the sampling points was filled 

with clean glass wool before each experiment. Before being used in the filters, the GAC was 

boiled in demineralized water for 10 minutes to remove entrapped air. Once inside the 

filters and before starting experiments, GAC was flushed with tap water until the effluent 

pH stabilized (pH ~ 8).    

Nylon meshes at the top and bottom of the filters prevented GAC wash out. Initial bed 

height was 10 cm, and changed to 12-16 cm at the end of the experiments due to biomass 

growth and bed expansion. The remaining volume of the column was permanently filled 

with influent. Despite the variation in bed height, a fixed bed volume (BV) of 0.053 L was 

used for calculations, corresponding to the BV in the beginning of the experiments. This 

fixed BV was used since the GAC mass in the filter bed did not change during the 

experiment and the increased volume in the filter bed corresponded either to void space or 

biomass volume, not accounting as adsorbent volume.  
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Figure 5.1: Schematic representation of experimental set-up. Column dimensions and sampling points 
positions are to scale.  

Influent consisted of a nitrogen-free nutrient solution spiked with melamine (8.0±0.8 mg/L). 

The detailed influent composition is described in the Supplementary Information (Table 

S5.1). Influent was pumped through the filters in a downwards direction by a peristaltic 

pump (Ismatec Reglo ICC). Actual flow was checked periodically by weighing the effluent 

of each filter at a determined time interval. The flow rate was adjusted when needed to 

obtain a desired EBCT. When methanol was used in the experiment, a solution of 0.1% 

methanol stored at 10ºC was mixed with the influent by a second peristaltic pump. The flow 

of influent:methanol was approximately 100:1. 

The pressure at the top of the filters was monitored using DMP 331Pi pressure sensors (BD 

sensors). If overpressure exceeded 200 mbar, automatic backflushing was initiated. In 

addition, regular backflush with tap water was performed weekly for 5 minutes at a flow 

rate of 3 – 6 L/h. Backflush flow was controlled using a flow controller (ES-FLOWTM 

Bronkhorst®). Temperature in the filters was monitored with Teflon® coated temperature 
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sensors (ProSense Pt-100) and remained between 27 and 30°C. LabVIEW 2018 was used to 

monitor filter pressure, effluent temperature and pH and to control valves for backflush.   

5.2.2 Melamine removal 
Melamine removal due to adsorption or adsorption combined with biodegradation was 

assessed in 6 experiments. We tested the effect of an additional carbon source (methanol), 

the inoculation of melamine degrading biomass and EBCT on melamine removal in lab-

scale GAC filters (Table 5.1). BAC 1 – 5 were inoculated with activated sludge containing 

melamine degrading biomass, which originated from a wastewater treatment plant 

(Azomures, Romania) treating industrial wastewater containing melamine (Piai et al., 

2020b). A non-inoculated filter was used as control for assessing melamine removal due to 

adsorption only.  

Table 5.1: Melamine removal experiments performed in lab-scale GAC filters. 

Filter EBCT 

(min) 

Filter 

inoculation 

Methanol in 

influent 

Duration 

(BVs) 

Desorption 

(BVs) 

GAC 1 18±2 No No 6,067 NA 

BAC 1 32±3 Direct No/Yes 14,000 >8,300

BAC 2 32±3 Direct Yes 4,923 NA

BAC 3 32±3 Indirect Yes 5,829 NA 

BAC 4 18±2 Direct Yes 8,724 >6,000

BAC 5 18±2 Indirect Yes 6,990 NA

NA: not applicable. 

Melamine desorption was assessed in BAC 1 and 4 by feeding the filters with influent 

without melamine after approximately 8,300 and 6,000 BVs respectively. During this stage, 

the filters were no longer backflushed. 

Experiment BAC 1 consisted of 3 phases. In phase I, the influent did not contain methanol. 

In phase II, which started after approximately 6,200 BVs, methanol was added to the 

influent in the same way as in BAC 1-4. In phase III, which started after approximately 

8,300 BVs, the filter was fed with influent with methanol, but without melamine.   
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Specific melamine removal (𝑟𝑟𝑠𝑠, in mg melamine/g GAC) was calculated based on the amount 

of melamine (𝑚𝑚, in mg) removed in the filter in a specific time interval, the bed volume (𝐵𝐵𝐵𝐵, 

in L) and bed density (𝜌𝜌𝑏𝑏, in g/L), according to equation 5.1: 

𝑟𝑟𝑠𝑠 =
𝑚𝑚

𝐵𝐵𝐵𝐵𝜌𝜌𝑏𝑏
Eq. 5.1 

The value of 𝑚𝑚 was obtained from the area between the influent and effluent concentration 

curves using the spline interpolation method (example in Figure S5.1). The value of bed 

density used was 450 g/L, based on the material fact sheet from the GAC supplier. 

5.2.3 Inoculation of BAC filters 

Direct  
In experiments BAC 1, 2 and 4, filters were directly inoculated with melamine degrading 

biomass on days 0, 7 and 14. A volume of 1.6 mL sludge was inoculated at points I and A 

(Figure 5.1). In experiment BAC 1, the filter was reinoculated 5 times between days 81 and 

103 (3,500 - 4,500 BVs).  

Indirect 
In experiments BAC 3 and 5, the GAC was inoculated with melamine degrading biomass in 

batches, before being used in the filters. The batches contained 7.5 g fresh GAC, 10 mL 

melamine degrading biomass, 3 g/L methanol and mineral media (composition in Table 

S5.1) containing 1000 mg/L melamine in a total liquid volume of 550 mL. After 21 days, the 

liquid medium was removed from each batch, the BAC was washed 3 times with fresh 

mineral media to remove suspended biomass, after which the BAC was stored wet at 4°C 

for 48 h. After this period, the BAC was transferred to the filter containing fresh GAC, in a 

ratio of 1:3 (BAC:GAC). The BAC and GAC were mixed by inverting the filter several times. 

The filters were stored at 4°C for approximately 16 h, after which they were installed and 

the experiments started. 

5.2.4 BAC bioregeneration 
Bioregeneration was calculated for BAC 1, according to the following steps: 

1) BAC load (phase I): BAC load at the end of phase I (𝑞𝑞𝐼𝐼, in mg melamine/g BAC) was

calculated, assuming equilibrium between the filter bed and influent concentration at the

end of that phase. The value of 𝑞𝑞𝐼𝐼 was calculated using the average influent concentration
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(𝑐𝑐0 in mg/L) during phase I and the Freundlich isotherm parameters (𝐾𝐾𝑓𝑓  in (mg/g)/(mg/L) 

and 𝑛𝑛 (dimensionless)) obtained in previous studies (Piai et al., 2020b) and corrected for the 

temperature of the filters. 

2) Desorbed melamine (phases II and III): The amount of melamine desorbed (𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑, in mg

melamine/g BAC) from BAC 1 in phases II and III was calculated from the amount of

nitrogen desorbed (𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑, in mg N/g BAC), assuming melamine full mineralization. The

value of 𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑 was obtained from the area between the effluent and influent total nitrogen

concentration curves. Total nitrogen corresponded to the sum of the nitrogen present in

ammonium and melamine.

3) Bioregeneration efficiency: Bioregeneration at different intervals of treated volume was

quantified by dividing the cumulative amount of desorbed melamine by the GAC load in

the end of phase I.

5.2.5 Modelling melamine adsorption in fixed-bed filters 
Melamine adsorption in fixed-bed filters was modelled using the Homogeneous Surface 

Diffusion Model (HSDM) (Worch, 2012) implemented in MATLAB®. The equilibrium 

condition was represented by the Freundlich isotherm. The values used for each model 

parameter are presented in Table S5.2. Surface and film diffusion coefficients were based on 

previous fitting of batch kinetic experiments and breakthrough curves obtained in the same 

setup for a comparable micropollutant (pyrazole) (Piai et al., manuscript in preparation). 

Experimental data from the non-inoculated filter (GAC 1) was fitted to the HSDM to 

validate the model output.  

5.2.6 Analysis 

Samples for melamine and methanol analysis were filtered with 0.2 µM polyethersulfone 

membrane filters and stored at -20°C until analysis. Samples for methanol analysis were 

spiked with 10% (v/v) of 4 M formic acid before being stored.  

Dissolved oxygen concentrations were measured using non-invasive oxygen sensors (Spot 

SP-PSt3, PreSens) and an oxygen meter (Fibox 4). Ammonium was measured using Hach 

Lange colorimetric kits (LCK 303 and LCK 305) and a spectrophotometer (Hach Lange DR 

3900). Methanol was measured with gas chromatography as described in Jourdin et al. 

(2018). Concentrations of melamine and its transformation product ammeline were 

measured by liquid chromatography coupled to UV-detection, using a Luna CN analytical 



Biodegradation of melamine in activated carbon filters 

117 

5 

column (Phenomenex®) and an isocratic flow of 1 mL/min phosphate buffer (5mM, pH 6.7), 

as described in Piai et al. (2020b). In the same system, the other transformation products 

ammelide and cyanuric acid were detected, but could not be quantified due to incomplete 

peak separation. 

5.3 Results and discussion 
5.3.1 Melamine adsorption – modelled and experimental breakthrough curves 
The experimental breakthrough curve of the non-inoculated filter (GAC 1) was fitted to the 

adsorption model (HSDM) (Figure 5.2). First, the experimental breakthrough was compared 

to the model output, using the Freundlich coefficients as calculated in Piai et al. (2020b). We 

observed that the model predicted a later breakthrough than obtained experimentally. The 

earlier breakthrough observed in our experiment is likely related to the higher temperature 

in which the filters were operated (27-30°C), compared to the temperature at which the 

adsorption isotherms was performed (20°C). Previous experiments have shown that 

melamine adsorption decreases with increasing temperatures (Piai et al., 2020a). Therefore, 

the experimental breakthrough was fit to several model outputs assuming different degrees 

of reduced adsorption due to the higher temperature. We observed that the best fitting was 

produced when 10% less adsorption was taken into account (Figure 5.2). The alternative 

Freundlich coefficients calculated for this scenario (𝐾𝐾𝑓𝑓  =26 L/g) and 𝑛𝑛 =0.39) were then used 

as input for all modelled breakthrough curves presented in this study. We also evaluated 

the model output using the Langmuir equation to represent the equilibrium condition. Even 

though the Langmuir equation fits the isotherm data well (R2=0.94), its use in the HSDM 

underestimates the adsorption capacity in the filter, and therefore is not used in this study. 
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Figure 5.2: Experimental breakthrough curve of non-inoculated filter and fitted curve of homogeneous 
surface diffusion model (HSDM).  

5.3.2 Melamine adsorption and biodegradation 
We first studied an inoculated filter without addition of methanol as a carbon source. We 

compared the breakthrough curve of our inoculated filter (BAC 1) with the modelled 

breakthrough curve for adsorption only (Figure 5.3). For the inoculated filter, melamine 

breakthrough occurred at a higher throughput, compared to the modelled breakthrough 

curve.  

Melamine specific removal (𝑟𝑟𝑠𝑠) was calculated for the modelled results until 100% 

breakthrough and for the inoculated filter until 6,000 BV, before initial experimental 

conditions were changed. We observed that the 𝑟𝑟𝑠𝑠 of the inoculated filter (80 mg/g) was  29% 

higher than the removal of the fitted curve with adsorption only (57 mg/g) (Figure 5.3). The 

fact that we observed a higher melamine removal in the inoculated filter demonstrates that 

melamine biodegradation is a significant additional removal mechanism.  
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Figure 5.3: Relative melamine concentration in effluent of an inoculated filter without methanol (BAC 1) 
and modelled breakthrough curve. Dotted line represents regression line fitted with the loess method. 

Reinoculating the filter between 3,500 and 4,500 BVs had only a temporary and local effect 

on melamine biodegradation, as indicated by the ammonium concentrations in the different 

filter positions for these BVs (Figure S5.2). Ammonium is produced during melamine 

biodegradation and accumulates under anoxic conditions (Piai et al., 2020b), which was the 

prevailing redox condition in this filter. An increase in ammonium concentration was 

measured temporarily at the top of the filter (position A), where biomass was introduced 

during reinoculation of the filter (Figure S5.2). However, this effect was not observed further 

down the filter (position B) nor in the effluent, and ammonium concentrations decreased 

soon after reinoculation stopped (>4,500 BVs). These results indicate that filter reinoculation 

did not significantly contribute to an increased melamine removal. 

5.3.3 Melamine adsorption and biodegradation with methanol as additional 
carbon source 

Figure 5.4 shows complete melamine removal for inoculated BAC in the presence of 

methanol as an additional carbon source (both direct and indirect inoculation). For 

comparison, the modelled breakthrough curve for adsorption only is also shown 

(Figure 5.4). Effluent breakthrough did not happen in the inoculated filters with methanol 

within the time-frame of the experiments (6,000 BVs), whereas 100% breakthrough is 

predicted for the same period by the adsorption model. These results clearly show that 
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melamine biodegradation is improved in the presence of methanol, which contributes to 

extending the BAC filter life-time.  

Figure 5.4: Relative melamine concentration in effluent of directly and indirectly inoculated filters 
receiving methanol, operated at 32 min EBCT (BAC 2 and 3).  

The comparison between inoculated filters with (Figure 5.4) and without (Figure 5.3) 

methanol shows that an additional carbon source (methanol) is essential to avoid melamine 

breakthrough. The positive effect of an additional carbon source on biodegradation of 

melamine and its transformation products has been previously demonstrated in batch and 

column experiments (Galíndez-Nájera et al., 2009; Piai et al., 2020b; Shelton et al., 1997; 

Takagi et al., 2012). Methanol is needed to compensate for the low C:N ratio of melamine 

(0.5 mol C/mol N). The C:N ratio in our filters influent was 0.6 - 0.7 (molar basis). It has been 

shown that a C:N ratio of 1 or higher is required for complete biodegradation of melamine 

and its transformation products (Galíndez-Nájera et al., 2009; Takagi et al., 2012). Our 

experiments show that C:N ratios lower than those previously recommended can still 

maintain high melamine removal efficiency in BAC filters. Average methanol concentration 

in the filters influent ranged between 1.4 and 2.9 mg/L depending on the filter. In the filter 

bed (positions A and B), the methanol concentration was always below the limit of detection 

(1 mg/L). Even though methanol was already biodegraded at the top of the filter bed, its 

presence in the influent was enough to stimulate melamine biodegradation throughout the 

filter and avoid melamine breakthrough from the filters.  
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We investigated if melamine could also be removed efficiently at shorter contact times 

(EBCT of 18 min instead of 32 min). We observed that melamine removal in those filters was 

comparable to the removal in the filters with longer contact times (Figure 5.5). Only the 

upper layers of the filter bed (position A) showed higher melamine concentrations (Figure 

5.5). Further down the column (position B), melamine concentrations were higher than in 

filters operated at longer contact times (EBCT 32 min), but still below 5% of the influent 

concentration. Position B of filters operated at shorter contact times corresponds to an EBCT 

of 10-15 min. Melamine concentrations in position B indicate that an EBCT of around 15 min 

is the minimum time required to maintain more than 95% melamine removal. Moreover, 

regardless of the inoculation method, 19 min is enough to obtain more than 99% melamine 

removal, as long as an additional carbon source is supplied. EBCTs between 18 and 32 min 

are within the practical values applied in full-scale GAC filters e.g. in drinking water 

production plants (Kennedy et al., 2015). 

Figure 5.5: Relative melamine concentration in intermediate positions (A and B) and effluent of 
indirectly inoculated filters with methanol. Dotted lines represent regression line fitted with the loess 
method. 
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desorption in the directly inoculated filter in the presence of methanol (EBCT 18 min, 

BAC 4) by feeding the filter with influent without melamine after 6,000 BVs. During this 

(desorption) phase, the melamine concentration gradually decreased in positions A and B 

and increased temporally in the effluent, followed by a rapid decrease (Figure 5.6). 

Nevertheless, the absolute melamine concentration in the effluent remained rather low 

(<0.064 mg/L). Interestingly, higher melamine concentrations were detected in lower layers 

of the filter (position B) compared to the upper layers (position A). Possibly, melamine 

biodegradation rates are higher in the upper layers of the filter. A vertical gradient of 

biomass activity in fixed-bed filters, with higher activity closer to the influent position, has 

also been reported previously (Chen et al., 2016; Gibert et al., 2013).  
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5.3.4 BAC bioregeneration 
We divided the operation of the directly inoculated filter (BAC 1) into three phases: 

i) phase I, influent without methanol, ii) phase II (>6,200 BVs), influent with methanol and

iii) phase III (>8,300 BVs), influent without melamine and with methanol.

We observed that melamine biodegradation rate increased significantly in phase II after 

methanol was added to the influent. The increased biodegradation rate is evident from the 

decreasing melamine concentrations in the column at positions A and B as well as in the 

effluent. We also observed an concomitant increase in ammonium concentrations in phase II 

(Figure 5.7). In phase III, when the filter did not receive melamine, melamine and 

ammonium were still detected in the columns at positions A, B and the effluent (Figure 5.7), 

indicating that melamine desorbed from the BAC and was partially biodegraded during this 

third phase.  

When both melamine and methanol were present in the influent (phase II), the total 

nitrogen concentration in the effluent (as melamine-N and ammonium-N) exceeded the 

influent concentration (Figure 5.8). This excess nitrogen must originate from biodegradation 

of desorbed melamine and/or its transformation products (ammeline, ammelide and 

cyanuric acid) (Cook and Huetter, 1981). Desorption of melamine and/or its intermediate 

transformation products from the BAC is the result of a concentration gradient from the 

BAC to the liquid, as a consequence of melamine biodegradation in the liquid phase (phase 

II).  
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Figure 5.7: Melamine (a) and ammonium (b) concentration (in mg-N/L) in influent, intermediate 
positions (A and B) and effluent of BAC directly inoculated, EBCT 32 min before and after methanol 
addition to the influent. Dotted lines represent regression line fitted with the loess method. 
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Figure 5.8: Total nitrogen concentration (from melamine and ammonium) in influent and effluent of 
BAC directly inoculated. Coloured area corresponds to the amount of N originating from melamine 
desorption, measured as melamine (blue) or ammonium (red).   

Interestingly, not all desorbed melamine during phase III was biodegraded, as both 

melamine and ammonium could be measured in the effluent (Figure 5.8). The non-

biodegraded melamine in the effluent most likely originated from the lower layers of the 

filter bed, where biomass activity is likely lower (Gibert et al., 2013). This is in agreement 

with the consistently higher melamine concentrations in the effluent compared to in the 

column (positions A and B) once desorption occurs (phases II and III, Figure 5.7a).  

5.3.5 Quantification of bioregeneration 
Bioregeneration efficiency was quantified based on the nitrogen mass balance in the filter, 

with the following assumptions: 1) Nitrogen uptake due to biomass growth is neglectable, 

given that biomass growth in the filter is limited by the low methanol concentration (<3 

mg/L, C:N ratio 0.5-0.6 mol C/mol N in phase II); 2) Biodegraded melamine is fully 

mineralized and no transformation products (ammeline, ammelide, cyanuric acid) 

accumulate neither in the liquid nor on the GAC phase. This can be assumed, as ammeline 

was measured only at low concentrations (<0.6 mg/L) in all samples of this filter, and neither 

ammelide nor cyanuric acid were detected throughout the whole filter operation. 

Additionally, previous experiments with melamine biodegradation using the same 

inoculum showed no accumulation of melamine transformation products at anoxic 

conditions (Piai et al., 2020b). We therefore expect limited contribution of melamine 

transformation products to the nitrogen mass balance.  
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The BAC load (𝑞𝑞𝐼𝐼) before methanol addition to the filter (end of phase I) was calculated 

assuming equilibrium between the influent concentration and the activated carbon. It is 

likely that the actual 𝑞𝑞𝐼𝐼 is lower than the calculated load using this approach, given that 

melamine effluent concentration was only 80% of the influent concentration. However, it is 

not possible to assess the actual 𝑞𝑞𝐼𝐼, as both melamine adsorption and biodegradation 

occurred in parallel. Given that bioregeneration is calculated based on the amount of 

melamine desorbed, divided by the BAC load in phase I, an overestimation of 𝑞𝑞𝐼𝐼 would 

result in an underestimation of the bioregeneration efficiency. Therefore, we consider that 

the bioregeneration calculated using this approach corresponds to the lowest achievable 

bioregeneration efficiency. 

Bioregeneration efficiency is depicted in Figure 5.9. After 7,000 BVs, approximately 98% of 

the melamine adsorbed to the BAC in phase I desorbed, and most of the desorbed melamine 

(81%) was biodegraded. Bioregeneration efficiencies in fixed-bed filters ranging from 20-

95% for GAC loaded with 2-nitrophenol, surfactants, benzene and toluene have been 

reported in literature (Klimenko et al., 2003; Putz et al., 2005; Smolin et al., 2020). Our results 

provide additional evidence that high levels of bioregeneration can be obtained when 

favourable conditions for biodegradation are provided.  

Figure 5.9: Bioregeneration efficiency of BAC 1 after addition of methanol. 

5.4 Conclusions 
• Melamine biodegradation in BAC filters results in higher melamine removal and

an extension of filter life-time compared to GAC filters, where adsorption is the

only removal process.
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• Melamine biodegradation was stimulated by adding melamine degrading

biomass.

• Melamine biodegradation rates increased by adding a carbon source (methanol) to

the filter, thus regenerating a nearly saturated filter bed.

• Investigating the efficiency of this process at lower micropollutant concentrations

with a variety of micropollutants will help identify opportunities for applying

bioregeneration to GAC filters used in water treatment and reduce the need for

GAC thermal reactivation.
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Supplementary information to Chapter 5 

Table S5.1: Composition of filters influent and batch media. 
Concentration (g/L) 

Filter influent Batch media 

Buffer 

Na2HPO4.2H2O  0.018 1.78 

KH2PO4 0.09 1.36 

Macro nutrients 

CaCl2.2H2O 0.003 4.8*10-2 

MgSO4.7H2O 0.008 5.4*10-2 

Trace elements 

FeCl2.4H2O 2.5*10-4 1.2*10-3 

CoCl2.6H2O 2.5*10-4 1.2*10-3 

MnCl2.4H2O  6.25*10-5 3*10-4 

CuCl2.2H2O 3.75*10-6 1.8*10-5 

ZnCl2  6.25*10-6 3*10-5 

HBO3  6.25*10-6 3*10-5 

(NH4)6Mo7O24.4H2O 1.12*10-5 5.4*10-5 

Na2SeO3.5H2O 1.25*10-5 6*10-5 

NiCl2.6H2O  6.25*10-6 3*10-5 

EDTA (tripex 2) 1.25*10-4 6*10-4 

Na-Resazurin 6.25*10-5 3*10-4 

HCl 36% 5.4*10-5 7.2*10-4 

Vitamins 

p-aminobenzoate (Na-salt) 4*10-7 - 

biotin (vitamin H) 8*10-8 - 

cyanocobalamin (vitamin B12) 8*10-7 - 

nicotin acid 8*10-7 - 

panthothenate (Na-salt) 2*10-7 - 

pyridoxine (vitamin B6) 2*10-6 - 

thiamine HCl (vitamin B1) 4*10-7 -
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Table S5.2: Input values in Homogeneous Surface Diffusion Model. 
Parameter Value Unit 

Bed length 0.1 m 

Bed density 445 g/L 

Bed porosity 0.65 - 

Particle radius 0.000675 m 

Surface diffusion coefficient 6.5*10-15 m2/s 

Film diffusion coefficient 1.6*10-6 m/s 

Freundlich affinity coefficient 26 (L/g) 

Freundlich intensity parameter 0.39 - 

Figure S5.1: Amount of melamine removed in the inoculated filter BAC 1, based on influent and effluent 
concentration curves.  
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Figure S5.2: Nitrogen concentration in melamine and ammonium in intermediate sampling points (A 
and B) and effluent of inoculated filter without methanol. Arrows indicate inoculation of the filter. 
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6.1 Introduction 
This thesis describes the use of microbial activity to regenerate the adsorption capacity of 

granular activated carbon (GAC) used to remove micropollutants from water. Adsorption to 

GAC in filters is an effective technology to remove a number of micropollutants from water. 

However, maintaining high removal efficiencies requires frequent thermal reactivation in an 

energy intensive process, resulting in large carbon footprints of this technology (Mo et al., 

2018; Mousel et al., 2017). Bioregeneration can reduce our dependency on unsustainable 

thermal reactivation methods. 

In this thesis, the adsorption of small hydrophilic micropollutants by fresh and used GAC 

was assessed (Chapters 2 and 3). Additionally, the capacity of indigenous biomass grown in 

GAC filters to biodegrade micropollutants was investigated (Chapter 3). Furthermore, the 

potential of applying bioregeneration to recover the adsorption capacity of GAC, loaded 

with one model micropollutant (melamine), was studied (Chapters 4 and 5). The present 

chapter presents considerations regarding the outcome of these experimental chapters, 

recommendations for future research and opportunities for using bioregeneration to 

improve water treatment. 

6.2 Bioregeneration of granular activated carbon 
6.2.1 Assessing bioregeneration 

Bioregeneration of GAC consists of recovering GAC adsorption capacity by biodegrading 

previously adsorbed compounds (Aktaş and Çeçen, 2007). The concept of bioregeneration 

applies to GAC loaded with any class of adsorbent. In this thesis, the bioregeneration of 

GAC loaded with micropollutants was studied. This process is achieved through the 

following steps: when micropollutants in the liquid phase are biodegraded, previously 

adsorbed micropollutants desorb due to a concentration gradient from the GAC to the 

liquid phase. This process continues as long as biomass is active and micropollutants 

desorption can take place. Consequently, GAC adsorption sites previously occupied by 

micropollutants become available again and GAC adsorption capacity is regenerated. 

Bioregeneration of GAC can be assessed both in batch and column studies. In general, batch 

studies require less materials, which often allows testing a larger number of parameters or 

conditions influencing the process. However, batch studies are less representative of filters 

where GAC is used. Therefore, also column studies are needed to assess bioregeneration in 

hydrodynamic conditions more similar to those of application. 

6 
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In this thesis, both approaches were used and different bioregeneration efficiencies were 

achieved in each one (Chapters 4 and 5). For example, a much higher bioregeneration 

efficiency for GAC loaded with melamine was obtained in columns (98%) than in batches 

(28%). This discrepancy is related to several factors. First, given the different experimental 

setups, a different strategy was used to quantify bioregeneration in each study (Figure 6.1). 

In the batches, bioregeneration was quantified based on the remaining GAC adsorption 

capacity after GAC treatment with active biomass, compared to a control which was 

exposed to inactive biomass. The experimental design caused regeneration also in the 

abiotic control due to desorption when transferring the loaded GAC to melamine-free 

media. The regeneration of GAC in the control resulted in an underestimation of the 

bioregeneration efficiency in the test condition. In the columns, bioregeneration was 

calculated solely based on the desorption of previously adsorbed melamine since GAC 

remaining adsorption capacity was not tested. With this approach, the resulting 

bioregeneration was 98%. However, even though 98% of the previously adsorbed melamine 

desorbed, not necessarily 98% of the adsorption capacity was recovered, since fouling might 

have decreased the GAC adsorption capacity. Differently from the batches, this strategy 

might have resulted in an overestimation of bioregeneration.  

Figure 6.1: Different setups (batch, left, and column, right) used to assess GAC bioregeneration. 

Second, the different hydraulic regimes in both studies likely influenced the extent of 

bioregeneration (Figure 6.1). In the batches, bioregeneration was assessed in a closed system. 

This means that the non-adsorbed fraction of degradation products remains in the liquid 

phase and can potentially decrease biodegradation rates. Additionally, the system is 

completely mixed so all GAC mass is in contact with the same melamine concentration. In 

the columns, the non-adsorbed fraction of degradation products washes out from the 

system, hence do not limit biodegradation rates. Moreover, the plug-flow leads to 
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stratification of the filter bed, forming a concentration gradient in the liquid phase along the 

column length. This results in layers with a gradient in concentration, differently from a 

mixed system. The lower the adsorbate concentration in the liquid phase is, the more intense 

the driving force for desorption becomes (Speitel et al., 1987). This effect potentially resulted 

in higher bioregeneration efficiencies in the columns, as seen in this thesis.  

The most appropriate means to assess the potential for bioregeneration in practice is using a 

setup with hydrodynamic conditions comparable to those of GAC applications, which are 

usually fixed-bed filters. Nevertheless, batch studies are useful to assess conditions 

influencing bioregeneration, e.g., GAC properties, biomass inoculation, amongst others. 

Batch studies are important as preliminary steps to minimize the number of variables to be 

tested in column studies.  

6.2.2 Micropollutants biodegradation 

Bioregeneration of GAC requires significant micropollutants biodegradation in the filters. 

Micropollutants biodegradation is influenced by several factors, including the presence of 

organic matter and electron donors and acceptors in the influent, which determine which 

microbial processes can take place. Three of these processes, which are contemplated in this 

thesis, are discussed below. 

6.2.2.1 Cometabolic biodegradation by heterotrophic microorganisms 
Cometabolic biodegradation of micropollutants by heterotrophic microorganisms occurs 

when micropollutants are biodegraded exclusively in the presence of an additional carbon 

source. This mechanism might have taken place in the study presented in this thesis 

(Chapter 3), as the organic matter adsorbed to used GAC can serve as additional carbon 

source to microorganisms. Cometabolic biodegradation of micropollutants by heterotrophic 

microorganisms is likely to occur in GAC filters due to the presence of organic matter in the 

filter influent at much higher concentrations than the micropollutants (see section 6.3.2). 

This thesis shows that an additional carbon source, such as methanol, increases melamine 

biodegradation (Chapters 4 and 5), as a consequence of microorganisms using melamine as 

a nitrogen source. In addition, melamine is also degraded in the absence of an additional 

carbon source, although to a lesser extent. Therefore, stimulated melamine biodegradation 

in the presence of methanol is not, by definition, a case of cometabolic biodegradation.  
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6.2.2.2 Cometabolic biodegradation by nitrifying microorganisms 
It is known that cometabolic biodegradation by nitrifying microorganisms plays a role in the 

removal of a variety of micropollutants, including diclofenac and iopromide (Batt et al., 

2006; Dawas-Massalha et al., 2014; Suarez et al., 2010). In the study presented in this thesis 

(Chapter 3), ammonium was present in the media and the experiment was conducted in oxic 

conditions, hence nitrification might have played a role in iopromide biodegradation in this 

study. However, nitrification is not expected to happen in GAC filters in drinking water 

treatment since ammonium is only present in this water stream at trace concentrations (<3 

µg/L, Lautenschlager et al., 2014). When GAC filters are used in wastewater treatment, they 

are usually applied after secondary or tertiary treatment and typical ammonium 

concentrations in this stream are also relatively low (<0.2 mg-N/L, Altmann et al., 2016). 

Therefore, nitrification will not play a role in micropollutants removal in GAC filters used in 

wastewater treatment either. 

6.2.2.3 Redox conditions 
Redox conditions play a crucial part in microbial metabolism and consequently on 

micropollutants biodegradation. In this thesis, micropollutants biodegradation in both oxic 

(for iopamidol, iopromide, metformin and melamine) and anoxic (for melamine) conditions 

is reported. It is expected that most micropollutants are biodegraded exclusively or at least 

at higher rates in oxic conditions (Falås et al., 2013; Suarez et al., 2010), hence oxygen can be 

dosed to stimulate micropollutants biodegradation (Sperlich et al., 2017). Nevertheless, 

studies show the iodinated contrast agent iopromide is also biodegraded in anoxic 

conditions (Redeker et al., 2018). Additionally, faster biodegradation of guanylurea and 

melamine in anoxic than in oxic conditions has been observed (Chapter 4; Tisler and 

Zwiener, 2019). Micropollutants biodegradation in anoxic conditions broadens 

opportunities for combining both micropollutants and nutrients removal from water, as 

anoxic steps are commonly applied to remove nitrogen and phosphorous in wastewater 

treatment (Winkler and Straka, 2019). Filters combining micropollutants removal and 

denitrification for treating secondary wastewater effluent are studied already in pilot-scale, 

where methanol is dosed to stimulate both denitrification and micropollutants 

biodegradation (de Jong et al., 2018). Furthermore, in Chapter 4, simultaneous melamine 

and nitrogen removal were combined in alternating nitrification and denitrification steps.  

Oxic and anoxic conditions can be present at the same time in a GAC filter at different layers 

due to a vertical stratification of the filter bed resulting from the plug flow. The presence of 
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oxic and anoxic conditions in one system increases microbial diversity, potentially 

increasing the number of biodegraded micropollutants (Grandclément et al., 2017). 

6.2.3 Micropollutants biodegradation in activated carbon filters 
Bioregeneration of GAC loaded with micropollutants can only be achieved when biomass 

capable of degrading these contaminants is present. The potential of indigenous biomass 

from GAC filters to degrade micropollutants is described in Chapter 3. Metformin, 

iopromide and iopamidol were biodegraded in the presence of nutrients and at high 

micropollutants concentrations (>25 µM). In full scale GAC filters, the conditions for 

micropollutants biodegradation are less favourable, since both nutrients and 

micropollutants are present at lower concentrations in the filters influent. Nevertheless, 

biodegradation of several micropollutants in bench- to pilot-scale GAC filters by indigenous 

biomass has been reported (Altmann et al., 2016; Greenstein et al., 2018; Zhang et al., 2017; 

Zhiteneva et al., 2020). These studies indicate that micropollutants are removed in full-scale 

GAC filters not only through adsorption but also through biodegradation, although the 

relative contribution of each process is unknown.  

In general, it is assumed for biodegradable compounds that adsorption is more relevant in 

the beginning of the filter operation, or immediately after GAC reactivation. Biodegradation 

becomes more relevant as adsorption capacity reduces and the biofilm on the GAC develops 

(Wang et al., 2007). Therefore, analysing the micropollutants concentration trend in the filter 

effluent allows to infer the removal mechanisms. For instance, if the concentration of a 

micropollutant in the filter effluent reaches influent levels, this micropollutant is not 

biodegraded (Figure 6.2a). If the micropollutant removal reaches a steady-state 

concentration below influent levels, this is a strong indication that biodegradation is the 

main removal mechanism in the steady-state phase (Figure 6.2b) (Gibert et al., 2013). Finally, 

a situation can occur in which biomass adaptation or changes in filter conditions leads to 

increased biodegradation rates and a decrease in effluent concentrations (Figure 6.2c). This 

trend can be observed in the study presented in Chapter 5, once methanol was supplied to a 

filter after breakthrough. 
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Figure 6.2: Removal trends in GAC filters. 

In order to assess the extent of micropollutants biodegradation in GAC filters or other 

system with activated carbon (AC), it is necessary to quantify removal due to 

biodegradation or adsorption separately. Possible means of achieving this are through mass 

balances with inorganic non-adsorbable degradation products, e.g., ammonium and nitrate 

(Chapter 5; Smolin et al. 2020). Alternatively, mass balances can be calculated based 

on carbon, using isotope labelled substrates (Putz et al., 2005; Speitel et al., 1987). 

Moreover, adsorption can be assessed by quantifying the micropollutants on the GAC 

phase (Herzberg et al., 2003; Nguyen et al., 2016), although uncertainties regarding the 

recovery efficiency when extracting adsorbates from GAC limit the applicability of this 

strategy. Quantifying micropollutants biodegradation in the presence of GAC is important 

to determine the relevance of this removal mechanism and assess the extent of 

bioregeneration. 

6.2.4 Enhancing micropollutants biodegradation 
Bioregeneration of GAC requires significant micropollutants biodegradation. This can be 

achieved by stimulating activity of the indigenous microbial community (Chapter 3), or by 

adding exogenous microorganisms capable of degrading the targeted micropollutants 

(Chapters 4 and 5), a method known as bioaugmentation. In environmental microbiology, it 

is generally assumed that “everything is everywhere, but the environment selects”, as 

proposed by the Dutch microbiologist Baas Becking in 1934 (translated in de Wit and 

Bouvier, 2006). In this perspective, providing suitable conditions for microbial activity 

should suffice to obtain micropollutants biodegradation.  

Micropollutants are present in GAC filters at trace concentrations, hence their degradation 

provides little to no energy for microorganisms. Therefore, there is limited selective pressure 

for metabolic biodegradation of micropollutants by the indigenous microbial community in 

GAC filters, especially if the micropollutants are only intermittently present in the influent. 

Bioaugmentation is a valid alternative when the ability of degrading a target micropollutant 
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is not expressed by the indigenous biomass (Benner et al., 2013). Increased micropollutants 

removal in biological treatment after bioaugmentation with pure and mixed cultures or with 

acclimatized activated sludge has been demonstrated in previous research (Albers et al., 

2015; Boonnorat et al., 2018; Herrero and Stuckey, 2015; Iasur-Kruh et al., 2011).  

In this thesis, bioaugmentation was successfully applied to regenerate lab-scale GAC filters 

treating influent containing the micropollutant melamine (Chapter 5). First, the ability of the 

indigenous biomass grown in GAC filters to degrade melamine was assessed (Chapter 3). 

Melamine was not biodegraded by this inoculum using normal media (Chapter 3) or 

nitrogen free media (data not shown). Melamine biodegradation was only observed when 

inoculating the experiments with biomass from an industrial wastewater treatment plant 

treating influent containing melamine (Chapters 4 and 5). These results suggest that the use 

of specialized biomass has a large potential to increase micropollutants degradation when 

the indigenous biomass does not possess this ability. However, even though inoculation 

with adapted biomass introduces micropollutants degraders to a filter community, 

biodegradation capacity will only be expressed if suitable conditions are applied.  

Even though bioaugmentation has the potential to increase micropollutants removal in 

water treatment, the variety of compounds present in the filter influent and the fluctuation 

in their concentrations makes it challenging to determine or identify a suitable inoculum. 

Additionally, safety issues might arise when considering introducing exogenous biomass in 

final steps of drinking water treatment. Given the challenges involving bioaugmentation, 

stimulating activity of the indigenous microbial community is the preferable approach to 

achieve bioregeneration in GAC filters in drinking water treatment plants. This strategy 

would take advantage of the high metabolic diversity of microbial communities in GAC 

filters (Oh et al., 2018). 

6.3 Natural organic matter and micropollutants removal with 
activated carbon 

Natural organic matter (NOM) present in the filter influent impacts micropollutants 

adsorption to and desorption from GAC, as well as micropollutants availability and 

degradability in GAC filters. In this thesis, the effect of NOM on micropollutants removal is 

contemplated in Chapter 3, where adsorption capacity of used and fresh GAC was 

compared. In the bioregeneration studies (Chapters 4 and 5), preference was given to a 

simplified system, where only the interactions between micropollutants, biomass and GAC 
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took place. Therefore, the effect of NOM on GAC bioregeneration was not included in these 

studies. In practice, NOM will always be present in the filter influent at various 

concentrations and compositions, resulting in different effects on micropollutants removal 

and GAC bioregeneration.  

6.3.1 Natural organic matter and micropollutants adsorption 
NOM is listed as one of the most relevant group of compounds in the water matrix 

determining efficiency of GAC filtration for micropollutants removal (Fischer et al., 2019). 

The relevance of NOM in determining GAC adsorption capacity for micropollutants is a 

consequence of NOM presence in water at much higher concentrations (mg/L range) than 

the micropollutants (ng/L - µg/L range) (Zietzschmann et al., 2016b). NOM can reduce 

micropollutants adsorption to GAC by direct competition for adsorption sites or pore 

blockage (Li et al., 2003a), which prevents micropollutants from accessing the adsorption 

sites. With the organic matter present in wastewater effluent, competition for adsorption 

sites is considered more relevant than pore blockage for reducing micropollutants 

adsorption (Hu et al., 2016; Zietzschmann et al., 2014). Pore blockage can also prevent 

micropollutants desorption (Pelekani and Snoeyink, 1999), limiting GAC bioregeneration. 

However, the effect of NOM on micropollutants adsorption rate is debatable (To et al., 

2008a). Some authors demonstrate that pore blockage or pore constriction can reduce 

adsorption kinetics due to a lower intra-particle diffusion (Li et al., 2003a) whereas other 

studies observe an increase in adsorption and desorption kinetics in the presence of NOM 

(To et al., 2008b). The apparent contradicting effects are related to the two mechanisms of 

intra-particle diffusion. Adsorbates can diffuse in the GAC pores either in the adsorbed 

state, through the GAC surface (surface diffusion) or in the dissolved state, through the pore 

liquid (pore diffusion). Adsorption of NOM increases surface diffusion as a consequence of 

the increased GAC surface coverage (To et al., 2008b), while decreasing pore diffusion, as a 

consequence of the increased pore tortuosity (Kennedy and Summers, 2015).  

It is important to understand which properties of NOM are responsible for each of these 

mechanisms in order to minimize the negative effects on micropollutants adsorption and 

desorption. NOM consists of adsorbable and non-adsorbable fractions and only the first 

fraction influences micropollutants adsorption to AC (Shimabuku et al., 2017a; Wigton and 

Kilduff, 2004). This influence can be correlated to NOM molecular size rather than NOM 

chemical properties, such as aromaticity, polarity, specific UV absorbance and acidity 

(Shimabuku et al., 2017a; Velten et al., 2011b; Wigton and Kilduff, 2004). Previous research 
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has shown that smaller molecules of NOM can access AC pores in the same size range as 

micropollutants, thus reducing adsorption due to competition for adsorption sites. Larger 

molecules of NOM, which adsorb mainly in larger pores than micropollutants, reduce 

adsorption capacity for the latter by blocking AC pores (Aschermann et al., 2019a; Li et al., 

2003a; Pelekani and Snoeyink, 1999).  

AC properties also influence the extent of these interactions, being pore size distribution the 

most important predictor (Pelekani and Snoeyink, 1999). However, different conclusions 

have been reached by studies with NOM present in surface and groundwater or with 

organic matter present in wastewater effluent (Hu et al., 2016; Li et al., 2003a, 2003b; 

Zietzschmann et al., 2014). Previous research with surface and groundwater has shown that 

the effect of NOM on micropollutants adsorption is stronger when using microporous 

activated carbon. When using AC with larger micropores and mesopores, micropollutants 

adsorb to the same extent both in the presence or absence of NOM (Li et al., 2003a). On the 

contrary, with organic matter from wastewater effluent, the detrimental effects of GAC pre-

loading on micropollutants adsorption were stronger in GAC with larger micropores and 

mesopores (Hu et al., 2016; Zietzschmann et al., 2014). Since the NOM present in the influent 

of GAC filters in drinking water treatment originates from surface water, a more open pore 

structure is expected to reduce the impact of NOM on micropollutants adsorption.   

Reduced micropollutants adsorption in the presence of NOM does not necessarily reduce 

the potential for GAC bioregeneration. GAC bioregeneration can be negatively impacted by 

NOM only if pore blockage prevents micropollutants desorption. This effect is more 

influenced by GAC pore size distribution than by NOM composition (Aschermann et al., 

2019b, 2019a). Aschermann et al. (2019b) compared micropollutants adsorption using ACs 

with different pore size distributions and concluded that pore blockage limited 

micropollutants desorption from microporous AC, whereas adsorption was still fully 

reversible in mesoporous AC. Interestingly, an increased desorption was observed with 

macroporous AC, which was attributed to micropollutants displacement by the organic 

matter. However, AC pore size distribution could not explain results obtained in a later 

study and the authors suggest that NOM can lead to irreversible micropollutants adsorption 

through unknown mechanisms other than pore blockage (Aschermann et al., 2019a). 

This thesis and previous research (Chapter 3; Aschermann et al., 2018; de Ridder et al., 2011) 

show that fresh GAC can adsorb hydrophilic micropollutants and the decrease in GAC 

adsorption capacity is mainly due to adsorption of NOM. This reduced adsorption capacity 
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due to NOM adsorption explains why compounds like melamine and iopromide adsorb 

relatively well to fresh GAC (Chapter 2) whereas they are reported as poorly removed in 

pilot scale GAC filters (Brunner et al., 2020; Kennedy et al., 2015). To illustrate this effect, the 

time required to reach breakthrough in full-scale GAC filters was calculated, considering 

only the presence of these two micropollutants (i.e., without competition with NOM) at 1 

µg/L (melamine) and 10 µg/L (iopromide and melamine). The breakthrough curves were 

calculated using the adsorption model applied in Chapter 5, combined with the isotherm 

coefficients presented in Chapter 2. The filter dimension and flow used for the calculations 

were those of the drinking water treatment plant located in Kralingen, the Netherlands, 

operated by the water company Evides. The breakthrough curves are depicted in Figure 6.3.  

Figure 6.3: Calculated micropollutants breakthrough curves in a full-scale GAC filter for an influent 
concentration of 1 µg/L (melamine) and 10 µg/L (iopromide and melamine), in the absence of 
competition with natural organic matter or other organic contaminants. Dashed line indicates 10% 
breakthrough. 

The model simulation shows that when melamine and iopromide are present in the filter 

influent at concentrations of 1 µg/L and 10 µg/L respectively, only 10% breakthrough occurs 

within 20 years. Even when melamine is present at 10 µg/L, removal remains above 90% for 

5 years. Interestingly, negligible melamine removal in pilot-scale GAC filters has been 

reported (Brunner et al., 2020). These results show that exhaustion of GAC in filters occurs 

mainly due to adsorption of NOM and other organic contaminants present at higher 

concentrations, and not to adsorption of micropollutants. Previous research has shown that 

in the concentration range in which micropollutants occur, competition between the 

micropollutants does not seem to affect the adsorption capacity for an individual compound 

(Kennedy and Summers, 2015). Therefore, even though the filters influent contains a 

0.00

0.25

0.50

0.75

1.00

0 5 10 15 20
Time (years)

C
ef

flu
en

t
C

in
flu

en
t

melamine 10 µg/L
melamine 1 µg/L
iopromide 10 µg/L



General discussion 

145 

6 

mixture of several micropollutants, it is reasonable to calculate the breakthrough for an 

individual compound disregarding the presence of other micropollutants. 

To conclude, increasing micropollutants adsorption in GAC filters can be achieved by 

minimizing detrimental effects from NOM adsorption. This can be achieved by removing in 

upstream processes the fraction of NOM that interferes the most with micropollutants 

adsorption, i.e., the low molecular weight adsorbable fraction. Alternatively, the impact of 

NOM can be reduced by carefully selecting the GAC based on its pore size distribution. It is 

known that microporous GACs have higher affinity for micropollutants (Chapter 2; Lu and 

Sorial, 2004). However, GAC microporosity increases the negative effects of NOM 

adsorption on micropollutants removal, whereas GACs with a wider range of pore sizes 

minimize these effects (Li et al., 2003b). If adsorption of micropollutants is to be optimized 

in GAC filters, subsequent filters with GACs with different pore size distribution can be 

applied in sequential steps. A first filtration step using GAC with a more open pore 

structure will remove a large fraction of the background NOM (Aschermann et al., 2019a; 

Velten et al., 2011b). A second filtration step would then target the adsorption of 

micropollutants.  

6.3.2 Natural organic matter and micropollutants biodegradation 
NOM is a complex mixture of organic compounds and its different fractions have a different 

biodegradability (Chen et al., 2016). Approximately 22% to 32% of the NOM is removed 

through biodegradation in GAC filters (Han et al., 2013; Velten et al., 2011a). Additionally, 

biodegradability of NOM present in GAC filters varies according to the NOM source and 

water treatment steps applied before GAC filtration (Chen et al., 2016). For instance, NOM 

biodegradability increases after oxidation steps commonly applied in water treatment trains 

before GAC filtration, such as ozonation (Matilainen et al., 2006) and UV irradiation 

(Buchanan et al., 2004; Thomson et al., 2002) with potential beneficial effects to GAC 

bioregeneration.  

It can be expected that the biodegradable fraction of NOM stimulates micropollutants 

biodegradation through cometabolism (see 6.2.2.1). Cometabolic biodegradation, instead of 

metabolic biodegradation, is considered as the prevailing mechanism for micropollutants 

biodegradation at environmentally relevant concentrations (Fischer and Majewsky, 2014). 

However, research shows that this is not always the case and the role of NOM on 

micropollutants biodegradation depends on NOM composition and on the micropollutants 

and systems studied.  
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In the context of wastewater treatment, studies with easily degradable carbon sources 

(acetate), raw wastewater and humic acids show that the effect of additional organic carbon 

on micropollutants biodegradation is compound-dependent (Nord and Bester, 2020; Tang et 

al., 2017; Zhang et al., 2019). While biodegradation of certain micropollutants, including 

diclofenac and iopromide, increases with supply of organic carbon, biodegradation rates of 

other micropollutants remain unaffected. Furthermore, studies of micropollutants 

biodegradation in wastewater treatment also suggest that limitation of the growth substrate 

positively correlates to higher micropollutants removal (Grandclément et al., 2017). 

Previous research assessed whether additional carbon sources can increase micropollutants 

biodegradation rates in biofilters and simulated aquifer recharge systems (Alidina et al., 

2014; Hellauer et al., 2019; Ma et al., 2018). A positive correlation between influent dissolved 

organic carbon and micropollutants removal in pilot-scale GAC-sand filters has been 

reported (Ma et al., 2018). Furthermore, these studies show that composition of NOM, 

besides its concentration, is also important to determine its role on micropollutants 

biodegradation. Alidina et al. (2014) observed that a refractory carbon substrate (humic 

acids) increases microbial diversity, which can increase the potential for micropollutants 

biodegradation in simulated managed aquifer recharge systems. However, conflicting 

results were observed by Hellauer et al. (2019), who observed no effect of increased humic 

acids concentration on removal of biodegradable micropollutants in managed aquifer 

recharge systems. Based on their findings and literature, they concluded that the microbial 

community can adapt to low organic carbon concentrations (<1 mg/L dissolved organic 

carbon) and biodegrade micropollutants metabolically, although these effects are also 

micropollutant-dependent.  

Adaptation of a microbial community to oligotrophic conditions is a key factor determining 

the effect of additional carbon sources on micropollutants biodegradation. This reinforces 

the importance of investigating the effects of NOM on micropollutants biodegradation in 

GAC filters. GAC filters are different from other biofilters because of the GAC high 

adsorption capacity, which results in substrate adsorption to the filter media, separating 

hydraulic retention time from substrate retention time. The integration of adsorption and 

therefore substrate accumulation on the filter media can impact the influence of NOM on 

micropollutants biodegradability. Future research should elucidate the effect of NOM 

concentration and composition on cometabolic biodegradation micropollutants in GAC 

filters.  
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6.3.3 Influence of natural organic matter on combined adsorption and 
biodegradation 

On the one hand, NOM can potentially increase micropollutants biodegradability by 

promoting cometabolic biodegradation (6.3.2). On the other hand, NOM can limit GAC 

bioregeneration by hindering micropollutants desorption (6.3.1). The success of 

bioregeneration will depend on maximizing the positive influence of NOM on 

micropollutants biodegradation whilst minimizing its impact in micropollutants desorption.  

Selecting GAC with an open pore structure will help to minimize desorption hysteresis. 

Furthermore, the intensity of desorption hysteresis correlates to the micropollutants affinity 

for GAC (Aschermann et al., 2019b). Therefore, this effect is expected to be limited for a 

large number of micropollutants relevant for drinking water production, which are known 

to weakly adsorb to GAC. Ideally, GAC bioregeneration can be optimized by maintaining in 

the filter influent NOM that promotes micropollutants biodegradation and selecting GAC 

with a pore size distribution that allows for full micropollutants desorption. 

6.4 Micropollutants concentration 
Micropollutants concentrations used in this thesis were higher than those found in domestic 

wastewater and surface water used for drinking water production. The reasons for that 

choice were several, including the detection limits of analytical methods and the design of 

most experiments. Some experiments required micropollutants concentrations high enough 

to reach GAC saturation (Chapter 4). Other experiments would be unfeasible within the 4 

years’ time-frame of this study if environmentally relevant concentrations were used 

(Chapter 5). To illustrate this, the Homogeneous Surface Diffusion Model presented in 

Chapter 5 was used to estimate the time required to reach breakthrough in the lab-scale 

GAC filters. The effluent breakthrough curves were calculated for influent containing 

melamine concentrations ranging from 10 µg/L to 10 mg/L, for a contact time of 30 minutes. 

The results show that whereas 100% breakthrough is obtained within 3 months when 

melamine influent concentrations are 10 mg/L, no breakthrough is observed within one year 

if influent concentrations were reduced to 100 µg/L or lower (Figure 6.4). As a result of time 

constraints, higher melamine concentrations were used in this thesis. 
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Figure 6.4: Calculated breakthrough curves of melamine in lab-scale GAC filters at different influent 
concentrations. 

The reason for the late breakthrough in the modelled results is related to the absence of the 

effects of organic matter on melamine adsorption. In the presence of organic matter, GAC 

adsorption capacity for micropollutants is reduced (see 6.3.1). Therefore, the option of not 

including organic matter in a study also impacts the range of micropollutants concentration 

that are feasible, leading to the use of higher concentrations.   

The choice of micropollutants concentrations in a study can influence the conclusions 

regarding their biodegradability, as at higher concentrations, metabolic biodegradation can 

also occur. However, micropollutants biodegradation at trace concentrations can benefit 

from the presence of GAC due to the accumulation of micropollutants on the GAC surface. 

This accumulation potentially compensates for or reduces impacts of mass transfer 

limitation and insufficient enzymatic affinities observed at low substrate concentrations 

(Blair et al., 2015; Joss et al., 2006). Modelling studies conclude that biofilm attached to GAC 

experiences a dual flux of substrate, both from the liquid and from the solid (GAC) phase 

when adsorbates desorb (Herzberg et al., 2003; Speitel et al., 1987). This dual flux allows 

maintaining active biomass at deeper biofilm depths, which would not be possible with 

inert carrier materials (Herzberg et al., 2003). These studies indicate that the flux of substrate 

from the GAC phase to the biofilm is more important than the flux from the liquid phase, 

hence, most of the degraded substrate originates from desorption from the GAC.  

Micropollutants adsorption and biodegradation in GAC filters and GAC bioregeneration 

can be studied using lower concentrations of micropollutants when organic matter is 
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included in the scope of the study. In this thesis, the feasibility of bioregeneration in the 

absence of NOM was demonstrated. In order to apply bioregeneration in full scale, future 

research should focus on assessing bioregeneration at lower micropollutants concentration 

in the presence of NOM. 

6.5 Modelling micropollutants removal in granular activated 
carbon filters 

6.5.1 Modelling micropollutants adsorption with granular activated carbon 
Mathematical models describing the adsorption of contaminants are well established and 

useful for predicting breakthrough in fixed-bed filters (Chapter 5; Zhang et al., 2009). 

Micropollutants adsorption can be described using models based on diffusion (Chapters 2 

and 5). In these models, the rate limiting steps for micropollutants adsorption are the 

diffusion in the stagnant film layer around the granule (film diffusion) and inside the 

granule (intraparticle diffusion). Micropollutants can diffuse in the granules either in the 

adsorbed phase (surface diffusion) or in the dissolved phase in the pore liquid (pore 

diffusion) (Figure 6.5).  

Figure 6.5: Adsorbate diffusion in the film layer and in the GAC particle. Adapted from Çeçen and 
Aktaş (2012). 

Both pore diffusion and surface diffusion can be implemented in adsorption models to 

describe the adsorption kinetics (Chapters 2 and 5; Valderrama et al., 2008). In practice, 

surface and pore diffusion occur simultaneously and the intraparticle diffusion coefficient 
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calculated with the models is the apparent intraparticle diffusion, resulting from the 

combination of both processes (Shen et al., 2012). Furthermore, the partition of the adsorbate 

between liquid phase and solid phase (GAC) in equilibrium is described in the models by an 

adsorption isotherm. In this thesis, the Langmuir isotherm was incorporated in the pore 

diffusion model, which gives a good fit with the adsorption kinetics obtained 

experimentally (Chapter 2). In addition, the Freundlich isotherm was also used in the pore 

diffusion model and the model output using both Langmuir and Freundlich equations was 

compared. For a number of micropollutants, both equations resulted in similar pore 

diffusion coefficients (data not shown). However, in Chapter 5, the experimental results 

were represented better using the Freundlich isotherm in the Homogeneous Surface 

Diffusion Model, rather than the Langmuir isotherm. This is likely a consequence of an 

underestimation of the maximum adsorption capacity of melamine when using the 

Langmuir isotherm. Another possible reason is that the assumption of homogeneous 

adsorption sites by the Langmuir isotherm is not valid for melamine adsorption onto GAC. 

These results show that a good fitting of an isotherm equation to an experimental dataset 

does not always result in usefulness of this isotherm for modelling fixed-bed adsorbers.  

Despite their predictive power, applicability of adsorption models in practice is limited 

given the influence of biomass on the processes occurring in GAC filters. This influence 

include not only contaminants removal through biodegradation, but also effects on 

adsorption kinetics due to mass transfer limitations. Therefore, in order to understand 

micropollutants removal in GAC filters and explore the potential of biodegradation to 

regenerate GAC, it is crucial to understand the interactions between all processes occurring 

in the filters.  

6.5.2 Modelling micropollutants removal with biologically active granular 
activated carbon 

Modelling adsorption in biologically active GAC (from now on referred to as bGAC) 

requires a thorough understanding of the processes occurring in the biofilm and a proper 

characterization of this compartment. Without the biofilm, adsorption models describe mass 

transfer in two compartments, the stagnant water layer around the GAC (film layer) and the 

GAC itself. Furthermore, these models assume that adsorbate removal occurs exclusively 

through adsorption to the GAC. When modelling bGAC, the third compartment (biofilm) 

adds a layer of complexity to the models, given that biofilms cause mass transfer resistance 

and can remove adsorbates through biodegradation and sorption (Figure 6.6) (Shen 2012). 

Sorption to the biofilm will not be taken into account in the next paragraphs, given that this 
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process is not included in the bGAC models described in literature. Nevertheless, sorption 

to the biofilm will be addressed in the end of this section.  

Figure 6.6: Mass transfer and removal processes occurring in GAC without biofilm (a) and with biofilm, 
considering full coverage (b) and partial coverage (c). 
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To represent the processes occurring in the biofilm, a set of parameters and equations 

describing the biofilm itself, adsorbate transport and biodegradation in the biofilm is 

included in bGAC models. These parameters include biofilm thickness, biofilm growth and 

decay rates, adsorbate diffusivity and biodegradation in the biofilm. Speitel et al. (1987) 

were pioneers in presenting an adsorption and biodegradation model of a bGAC filter and 

assessing the model output against experimental data. The experimental results only 

partially matched the modelled results. The authors attributed the limited predictive power 

of the model to several factors, including the inaccurate calculation of a parameter 

representing biomass loss due to decay and shear. They concluded that more knowledge of 

the biofilm is needed to refine such models and increase their predictive power. 

Additionally, the authors concluded that the bGAC could be described more accurately by a 

scattered biofilm growth, rather than a biofilm fully covering the GAC particles, which is 

what most models assume (Shen et al., 2012).  

The discontinuous biofilm coverage of bGAC was later discussed by Herzberg et al. (2003), 

who proposed a conceptual model with a patchy biofilm coverage. In this model, molecules 

reach the GAC and adsorb through the non-biofilm covered surface of the granules and 

diffuse back to the biofilm through the covered surface (Figure 6.6c). The authors conclude 

that if full biofilm coverage is assumed, adsorption cannot occur due to limited penetration 

of the adsorbate in the biofilm. Whilst the model with partial biofilm coverage is a more 

realistic representation of the bGAC and allows to describe mass transfer through different 

interfaces (GAC|liquid and GAC|biofilm), it also introduces another set of parameters 

which cannot be determined experimentally nor calculated.  

Obtaining reliable parameters for the processes occurring in the biofilm is one of the main 

challenges when building accurate models to predict micropollutants removal in a bGAC 

filter. Given that several biomass-related parameters cannot be experimentally determined 

nor calculated, they have to be determined by fitting experimental data to the model output. 

Consequently, these models describe the experimental data but have limited predictive 

power. For instance, in the study of Herzberg et al. (2003), biofilm diffusion coefficient, 

density and coverage fraction were determined by fitting experimental results. Despite their 

limitations, these models greatly contribute to understanding the interactions between 

biofilm and GAC, as well as quantifying micropollutants fluxes between these 

compartments and the liquid phase, and micropollutants removal in each compartment.  
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To conclude, micropollutants adsorption in GAC filters can be predicted by fixed-bed 

adsorption models (Chapter 5). However, these models cannot describe systems where 

biofilms also determine micropollutants adsorption kinetics and removal, i.e., bGAC filters. 

In order to properly model bGAC and bioregeneration, more knowledge is needed 

regarding the biofilm formed around GAC. Currently, there is no single conceptual model 

for GAC bioregeneration, but various attempts with different assumptions. Additionally, no 

bGAC models published so far take into account micropollutants sorption to the biofilm, 

even though this might be a significant removal process (Chaumet et al., 2019; Ding et al., 

2014; López-Ramón et al., 2019). 

Micropollutants sorption to biofilm 
In the context of biofilms, the term sorption is more commonly used, and more appropriate, 

than adsorption. Sorption comprises both adsorption and absorption. Adsorption refers to 

the accumulation of an adsorbate on the surface of an adsorbent. Absorption, on the other 

hand, is defined as the “transfer of a substance from one bulk phase to another bulk phase” 

(Worch, 2012), hence it is not limited to a surface process. Sorption sites in biofilms are not 

only present in the extracellular polymeric substances matrix, but also at the surface and 

inside microbial cells (Flemming, 1995). Therefore, the term sorption is a more accurate 

description for the accumulation of molecules in any of these compartments.  

Sorption of several micropollutants to natural biofilms has been reported (Chaumet et al., 

2019; Zhang et al., 2018), although the interactions governing this process and the main 

components of biofilms or microbial cells responsible for the sorption are poorly 

understood. Studies report no correlation between sorption to biofilms and micropollutants 

hydrophobicity (represented by log Kow/Dow) (Torresi et al., 2017; Wunder et al., 2011). 

Micropollutants sorption to biofilms is mainly determined by electrostatic interactions. 

Positively charged micropollutants sorb to a larger extent than neutral or negatively charged 

compounds (Torresi et al., 2017; Wunder et al., 2011).  

Even though micropollutants are expected to sorb to biofilms to a lesser extent than to AC, 

sorption to biofilms is a relevant process, especially for cationic micropollutants, and/or 

when biofilms are present at high densities. Furthermore, the relative importance of this 

process increases as the AC adsorption capacity reduces due to adsorption of other 

contaminants present at higher concentrations, e.g., NOM. More knowledge regarding 

micropollutants sorption to biofilms will allow assessing the relevance of this removal 

process and incorporate it in mathematical models of bGAC filters. 
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6.6 Recommendations for application 
6.6.1 Mixed adsorbents to increase micropollutants removal 
This thesis and previous research (Chapters 2 and 3; de Ridder et al., 2010; Redding et al., 

2009) show that the extent of micropollutants to AC depends on the micropollutants 

physico-chemical properties. Additionally, different adsorbent materials, including metal 

organic frameworks, chitosan, zeolites and β-cyclodextrin polymers (Bhadra and Jhung, 

2017; Sompornpailin et al., 2020; Vakili et al., 2019) have been shown to have a comparable 

or even higher affinity for micropollutants than AC. Considering that surface water is 

contaminated with a large variety of micropollutants, with different physico-chemical 

properties, filtration with one single GAC type is most likely not suitable for all types of 

micropollutants. Hence, a combination of different types of GAC or even different adsorbent 

materials in the same or subsequent filters could contribute to increasing the number of 

micropollutants removed and their removal efficiency. In the case of mixing different types 

of adsorbents or types of GAC, it is crucial to consider not only the affinity of the adsorbent 

for different contaminants, but also its hydraulic properties, since combining different 

adsorbent materials can make filters operation more complex.   

6.6.2 Applicability of granular activated carbon bioregeneration to wastewater 
treatment 

This thesis assessed micropollutants biodegradation and GAC bioregeneration in the 

context of drinking water treatment. However, given the growing interest and great 

potential for applying GAC filters in wastewater treatment, the knowledge obtained in this 

thesis is also discussed in the context of this water stream. The removal of background 

organic matter from the filter influent, manipulation of filter conditions to promote 

microbial growth and biomass inoculation to the filters can be different for drinking water 

or wastewater applications.  

Influent of GAC filters used in drinking water treatment contains a relatively lower 

concentration of organic matter with a more recalcitrant character (Zietzschmann et al., 

2016a), as well as lower nutrients concentrations, in comparison to GAC filters in 

wastewater treatment plants (WWTP) (Table 6.1). Moreover, at similar dissolved organic 

carbon:micropollutants ratios, the organic matter in WWTP effluent seems to compete with 

adsorption of micropollutants more strongly than the NOM in drinking water 

(Zietzschmann et al., 2016a). As a consequence, micropollutants breakthrough occurs earlier 

in GAC filters used in WWTP (Zietzschmann et al., 2016b). This difference implies that the 
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relative contributions of adsorption and biodegradation for micropollutants removal are 

different in GAC filters used in drinking water or wastewater treatment. It can be expected 

that adsorption will play a more important role in the first than in the later.  

Table 6.1: Typical dissolved organic carbon (DOC), nitrogen and phosphorus concentrations in drinking 
water and treated domestic wastewater. 

Parameter Drinking water* Wastewater 

DOC (mg/L) 0.96 – 21,2 5-11.43,4,5

Nitrogen  (mg-N/L) 0.9 – 22,6  12-13.53,7

Phosphorus (µg-P/L) <2 – 66,8 500-8003,7

*: values measured in GAC filters influent or earlier steps of drinking water treatment. 
1: Velten et al. (2011b); 2: David de Ridder, personal communication, September 2020; 3: Altmann et al. (2016); 4: 
Bourgin et al. (2018); 5: Rattier et al. (2014); 6: Lautenschlager et al. (2014); 7: Scherrenberg et al. (2012); 8: 
Lehtola et al. (2001). 

The relevance of biodegradation as a removal process in GAC filters treating domestic 

wastewater effluent has been demonstrated in previous research (Altmann et al., 2016; 

Bourgin et al., 2018; Reungoat et al., 2011). Reungoat et al. (2011) reported high (>60%) and 

stable micropollutant removal in pilot-scale GAC filters in different sampling campaigns 

that were 2 years apart, which is a strong indication of biodegradation. Additionally, 

Bourgin et al. (2018b) reported increased micropollutant removal in time in a GAC filter 

treating wastewater effluent, which is also compatible with biodegradation and 

incompatible with removal through adsorption. Additionally, the authors observe that after 

a 28,000 bed volumes (16 months), removal efficiencies in GAC filters that started up with 

fresh or pre-loaded GAC are comparable. All these results demonstrate that biodegradation 

is a very relevant removal mechanism for micropollutants removal in GAC filters used in 

WWTPs. Furthermore, higher micropollutants removal is observed when the filter influent 

is previously ozonated, which increases biodegradability of micropollutants and 

background organic matter, favouring cometabolic biodegradation (Bourgin et al., 2018; 

Reungoat et al., 2012). High and stable removal efficiencies observed in GAC filters treating 

wastewater after long periods can only result from microbial degradation from the 

pollutants in the liquid phase or from a residual adsorption capacity that is maintained due 

to bioregeneration. These results show that bioregeneration likely takes place in full scale 

GAC filters, although the extent of its benefits on extending the GAC lifetime is unknown.  
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6.6.3 In situ vs. offline bioregeneration 
Bioregeneration can be stimulated by applying favourable conditions for micropollutants 

biodegradation. This can be done by supplying carbon sources, electron donors and 

acceptors or nutrients to the filters and maintaining suitable temperatures. However, 

increasing microbial activity in GAC filters can reduce the GAC adsorption capacity for 

several contaminants, due to adsorption of microbial metabolites (Chapter 4) and mass 

transfer limitations in the biofilm (see 6.5.2). The reduced adsorption capacity will have an 

undesirable impact on the removal of the non-biodegradable fraction of NOM and non-

biodegradable micropollutants. Additionally, biofilm growth has to be controlled, as 

excessive growth can reduce effluent quality, deplete dissolved oxygen from water and clog 

the filter increasing the need for backwashing. Increasing micropollutants biodegradation 

whilst maintaining optimal conditions for GAC filtration in a treatment train is challenging. 

Quantifying micropollutants biodegradation in the presence of GAC is crucial so that the 

trade-off between reduced adsorption capacity and increased removal through 

biodegradation can be evaluated.  

In case stimulated biodegradation compromises adsorption to the point that overall 

micropollutants removal is negatively affected, offline bioregeneration should be 

considered. Offline bioregeneration consists in applying a separate step for the regeneration 

of GAC, instead of doing it in situ, i.e., simultaneously with GAC filtration in a treatment 

train (Figure 6.7). Decoupling the bioregeneration step from the regular filter operation 

allows more flexible operational conditions in the bioregeneration step. These conditions 

include longer contact times or batch feeding mode, addition of biodegradable carbon 

sources, nutrients and oxygen, and higher temperatures. Moreover, in cases when a small 

number of micropollutants prevail in the filter influent, specific conditions can be steered to 

these micropollutants. For instance, additional carbon sources might not benefit 

biodegradation of micropollutants that are metabolically biodegraded. Additionally, some 

micropollutants are preferably degraded in anoxic conditions, which would avoid the need 

for aeration. Offline bioregeneration in drinking water treatment also reduces the concern 

with microbial safety of the effluent since the effluent of the bioregeneration step is not the 

final product of water treatment. 
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Figure 6.7: In situ vs. offline bioregeneration. 

For in situ bioregeneration, microbial activity should be stimulated while maintaining 

microbial safety and stability of filter effluent. This means balancing suspended and 

attached growth so that enough microbial activity exists in the biofilm while the effluent 

quality is not compromised. The backwash regime is an important tool in maintaining a 

desired level of biomass activity in the filter and removing weakly attached biomass 

(Flemming, 2020; Gibert et al., 2013). However, a balance needs to be found since high 

biofilm density caused by elevated shear stress can negatively affect GAC bioregeneration 

(Abromaitis et al., 2017).  

If on the one hand, micropollutants removal through adsorption in drinking water GAC 

filters benefits from the low concentrations of NOM, on the other hand, micropollutants 

biodegradation and consequent GAC bioregeneration can be limited by the oligotrophic 

conditions present in these filters. Additionally, nutrients such as phosphorus might limit 

biological activity in GAC filters in drinking water treatment (Scholz and Martin, 1997). To 

promote in situ bioregeneration in GAC filters, microbial activity can be stimulated via the 

addition of nutrients and biodegradable organic matter. However, these changes might 

negatively impact the quality of the filtered water. This conflict suggests that offline 

bioregeneration is more suitable than in situ bioregeneration for GAC filters in drinking 

water treatment. 

6.7 Conclusion 
This thesis shows that micropollutants biodegradation promotes micropollutants desorption 

from GAC which leads to regeneration of the GAC adsorptive capacity. Previous research 
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shows that biodegradation significantly contributes to removing micropollutants in GAC 

filters. Furthermore, synergistic effects of adsorption and biodegradation have the potential 

of promoting biodegradation of slowly degradable micropollutants. Exploring the 

combination of these two processes can reduce our reliance on energy intensive technologies 

to reactivate GAC. 

Bioregeneration has important limitations, since non-biodegradable adsorbates are not 

removed and remain on the GAC. Additionally, desorption hysteresis can limit the 

regeneration of adsorption sites in the narrowest pores. These limitations indicate that 

bioregeneration most likely will not fully replace current reactivation methods. 

Nevertheless, biodegradation of biodegradable micropollutants releases adsorption sites 

increasing also adsorption capacity for recalcitrant compounds (Putz et al., 2005). 

Desorption hysteresis can be minimized by choosing GAC with a wide pore size 

distribution, facilitating desorption. Therefore, bioregeneration has a large potential to 

reduce the frequency in which conventional reactivation methods are applied and extend 

the lifetime of GAC filters.  
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Summary 
The presence of micropollutants in surface water threatens the production of high quality 

and safe drinking water. Micropollutants are contaminants present in the environment at 

trace concentrations (ng/L - µg/L). These contaminants originate from the use of organic 

chemicals in anthropogenic activities. Micropollutants reach the environment due to 

incomplete removal in wastewater treatment plants or via diffuse sources, such as 

agricultural and urban water runoff and sewer overflow. Despite their occurrence at trace 

concentrations, they can negatively impact the environment. Moreover, they can impact 

human health when water contaminated with micropollutants is used to produce drinking 

water. To minimize these risks, it is crucial to prevent micropollutants from reaching the 

environment and our drinking water.  

Micropollutants can be removed from water using adsorption to granular activated carbon 

(GAC) in fixed-bed filters. GAC filters are often applied as a polishing step in the 

production of drinking water from surface water. GAC adsorption capacity reduces with 

time, hence GAC needs to be reactivated regularly to maintain high removal efficiencies. 

GAC reactivation is achieved by oxidizing the adsorbed contaminants at high temperatures 

(>700°C), which makes it an energy intensive process, resulting in large carbon footprints. 

Hence, efforts to increase sustainability in GAC filtration should focus on reducing the need 

for GAC reactivation. 

During the use of GAC filters, biomass inevitably grows on the GAC surface and contributes 

to removing the biodegradable fraction of organic contaminants, including biodegradable 

micropollutants. Biodegradation and adsorption are synergistic processes. Biodegradation 

of micropollutants from the liquid phase reduces the amount of molecules that adsorb to the 

GAC. Furthermore, biodegradation of previously adsorbed micropollutants releases 

adsorption sites, regenerating GAC adsorption capacity and reducing the need for 

reactivation. This thesis addresses the potential of combining adsorption and 

biodegradation of micropollutants to bioregenerate GAC. 

In Chapter 2, the adsorption capacity and rate of adsorption of hydrophilic micropollutants 

to fresh GAC is assessed. Micropollutants removal in GAC filters is not only determined by 

equilibrium characteristics, such as affinity for the GAC and the adsorption capacity, but 

also by the adsorption rate. The rate-determining step in adsorption using GAC is usually 
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the adsorbate diffusion inside the granules. The presence of mesopores can facilitate 

diffusion, resulting in higher adsorption rates. In this thesis, we use two different types of 

GAC, with and without mesopores, to study the adsorption rate of hydrophilic 

micropollutants. Ten micropollutants are selected as model compounds: benzotriazole, 

desphenyl-chloridazon, diclofenac, guanylurea, hexamethylenetetramine, iopamidol, 

iopromide, melamine, metformin and pyrazole. A pore diffusion model is applied to the 

kinetic data to obtain pore diffusion coefficients. This chapter shows that adsorption rate is 

influenced by the molecular size of the micropollutant as well as the GAC pore size. Pore 

diffusion coefficients correlate negatively with the adsorbate size for most micropollutants 

and this correlation is stronger for the largest adsorbates. Furthermore, diffusion of the 

largest micropollutants is hindered in the GAC micropores. Micropore surface area 

increases GAC adsorption capacity for micropollutants, although size-exclusion effects were 

observed for the largest molecules, i.e., iopamidol and iopromide. Finally, affinity for GAC 

correlates to molecular structure: micropollutants with cyclic structures, e.g., benzotriazole 

and melamine, adsorb to GAC to a larger extent than micropollutants with linear or 

globular structures, e.g. metformin and hexamethylenetetramine.  

Chapter 3 describes the potential of biomass obtained from full-scale GAC filters to 

biodegrade micropollutants. Assessing micropollutants biodegradation in the presence of 

GAC requires distinguishing adsorption from biodegradation. This is done by assessing 

micropollutants removal at 5°C and 20°C with biologically active and autoclaved GAC. At 

5°C micropollutants are removed mainly through adsorption whereas at 20°C they can also 

be biodegraded. Autoclaved GAC is used to determine the effect of temperature on 

micropollutants adsorption. Here, the same micropollutants mixture as applied in Chapter 2 

is used. Three of these micropollutants, iopromide, iopamidol and metformin, are 

biodegraded by the GAC biofilm. Additionally, temperature increases adsorption of some 

micropollutants, e.g. iopromide and iopamidol, whereas it decreases adsorption of others, 

e.g. metformin and guanylurea. Finally, the adsorption capacity of fresh and used GAC are 

compared with each other. GAC use in a treatment plant results in decreased adsorption 

capacity for most micropollutants, except for the positively charged ones (metformin and 

guanylurea) and hexamethylenetetramine. 

In Chapters 4 and 5, the potential of biodegradation to regenerate GAC adsorption capacity 

is assessed. This is studied in batch and in column experiments using a model 

micropollutant, melamine, and biomass capable of degrading it. Melamine is frequently 
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detected in surface water due to its wide application and insufficient removal in 

conventional wastewater treatment plants. In Chapter 4, favourable conditions for melamine 

biodegradation are presented. Melamine biodegradation is assessed in fully oxic and anoxic, 

as well as in alternating oxic and anoxic conditions. Moreover, the effect of an additional 

carbon source on the biodegradation is determined. The most favourable conditions for 

melamine biodegradation are applied to bioregenerate GAC, loaded with melamine. 

Melamine can be biodegraded in either oxic or anoxic conditions and melamine degrading 

biomass can restore at least 28% of the original GAC adsorption capacity in batch systems. 

Furthermore, high adsorption rates obtained for bioregenerated GAC indicate that 

bioregeneration occurs mainly in the largest pore fraction of GAC.  

The contribution of melamine biodegradation to the total removal in lab-scale GAC filters is 

assessed in Chapter 5. The filters are inoculated with the same melamine degrading biomass 

used in Chapter 4. The effect of an additional carbon source (methanol) and contact time on 

melamine removal efficiency using two different inoculation methods is studied. 

Inoculation of GAC filters with melamine degrading biomass increases melamine removal 

efficiency by at least 29% in the absence of an additional carbon source. When the additional 

carbon source methanol is supplied to inoculated filters, melamine removal is almost 

complete (up to 99%) and no breakthrough is observed. Furthermore, the supply of 

methanol to an inoculated filter that is close to saturation can stimulate bioregeneration up 

to 98%.  

The conclusions and implications related to the experimental chapters are discussed in 

Chapter 6, and put in perspective of the current knowledge on micropollutants removal 

with GAC. Finally, recommendations for future research and opportunities for using 

bioregeneration to improve water treatment are presented.    
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Resumo 
A presença de micropoluentes orgânicos em águas superficiais ameaça a produção de água 

segura e de qualidade para consumo humano. Micropoluentes são contaminantes 

originários do uso de químicos orgânicos em atividades antropogênicas e estão presentes no 

meio ambiente em concentrações traço (ng/L - µg/L). Esses contaminantes chegam ao meio 

ambiente devido à sua remoção incompleta em estações de tratamento de efluentes ou por 

meio de fontes difusas, como as águas de drenagem urbana e rural e transbordamentos de 

esgoto. Apesar de ocorrerem em concentrações traço, micropoluentes afetam negativamente 

o meio ambiente. Além disso, podem ter impacto na saúde humana, caso água contaminada

com tais poluentes seja utilizada para produzir água para consumo humano. Para

minimizar esses riscos, é necessário prevenir que micropoluentes sejam lançados ao meio

ambiente e estejam presentes na água tratada.

Micropoluentes podem ser removidos da água através de adsorção em carvão ativado 

granular em filtros de leito fixo. Filtros de carvão ativado são comumente utilizados nas 

etapas finais de produção de água para consumo humano a partir de águas superficiais. A 

capacidade de adsorção do carvão ativado reduz com o tempo de uso e, para que seja 

mantida uma alta eficiência na remoção de contaminantes, é necessário que ele seja 

reativado regularmente. Esse processo consiste na oxidação dos contaminantes adsorvidos e 

ocorre em altas temperaturas (> 700°C), de modo que este se torna um processo de grande 

demanda energética, resultando em elevada pegada de carbono. Sendo assim, esforços para 

tornar mais sustentável a filtragem de água com carvão ativado devem focar na redução da 

frequência de sua reativação. 

Durante o uso dos filtros de carvão ativado, ocorre a formação de biomassa em sua 

superfície, o que contribui para a remoção da parte biodegradável dos contaminantes 

orgânicos, inclusive de micropoluentes. Biodegradação e adsorção são processos 

sinergísticos. A biodegradação de micropoluentes da fase líquida reduz a quantidade de 

moléculas que adsorvem no carvão ativado. Além disso, a biodegradação de micropoluentes 

previamente adsorvidos libera sítios de adsorção que haviam sido ocupados, regenerando a 

capacidade de adsorção e reduzindo a necessidade de reativação do carvão. Esta tese aborda 

o potencial de se combinar adsorção e biodegradação para regenerar carvão ativado

granular.
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No Capítulo 2, é avaliada a capacidade e a taxa de adsorção de micropoluentes hidrofílicos 

em carvão ativado virgem. O potencial de remoção de micropoluentes em filtros de carvão 

ativado não é determinado somente por propriedades de equilíbrio, como afinidade pelo 

carvão ativado e sua capacidade de adsorção, mas também pela taxa de adsorção. A etapa 

que determina a taxa de adsorção em carvão ativado granular é, em geral, a difusão do 

adsorvato dentro dos grânulos. A presença de mesoporos pode facilitar a difusão, 

resultando em taxas de adsorção mais altas. Nesta tese, para estudar a taxa de adsorção de 

micropoluentes hidrofílicos, foram utilizados dois tipos de carvão ativado granular – com e 

sem mesoporos. Dez micropoluentes foram selecionados como compostos modelo: 

benzotriazol, desfenil cloridazona, diclofenaco, guanilureia, hexametilenotetramina, 

iopamidol, iopromida, melamina, metformina e pirazol. Um modelo de difusão nos poros 

foi aplicado aos dados cinéticos de adsorção para obtenção dos coeficientes de difusão nos 

poros. Este capítulo demonstra que a taxa de adsorção é influenciada pelo tamanho 

molecular dos micropoluentes e pela distribuição de tamanho dos poros do carvão ativado. 

A magnitude dos coeficientes de difusão nos poros é inversamente proporcional ao tamanho 

do adsorvato para a maioria dos micropoluentes. Essa correlação é mais pronunciada para 

os adsorvatos de maiores dimensões (> 700 g/mol), que têm sua difusão dificultada nos 

microporos. A área superficial dos microporos aumenta a capacidade de adsorção de 

micropoluentes pelo carvão ativado, porém efeitos de exclusão por tamanho são observados 

para as moléculas grandes, isto é, iopamidol e iopromida. Finalmente, a afinidade pelo 

carvão ativado está correlacionada com a estrutura da molécula: estruturas cíclicas, como as 

de benzotriazol e melamina, adsorvem mais em carvão ativado do que micropoluentes com 

estruturas lineares ou globulares, como metformina e hexametilenotetramina. 

O Capítulo 3 descreve o potencial da biomassa, proveniente de filtros de carvão ativado em 

escala industrial, para promover a degradação de micropoluentes. Avaliar a biodegradação 

de micropoluentes na presença de carvão ativado requer uma distinção clara entre adsorção 

e biodegradação. Neste capítulo, tal distinção é realizada pela remoção de micropoluentes a 

5°C e 20°C com carvão ativado biologicamente ativo ou autoclavado. A 5°C, os 

micropoluentes são removidos principalmente por adsorção, enquanto que a 20°C eles 

também podem ser biodegradados. O carvão ativado autoclavado é utilizado para 

determinar o efeito da temperatura na adsorção. Neste capítulo, foi empregada a mesma 

mistura de micropoluentes descrita no Capítulo 2. Dentre esses micropoluentes, três são 

biodegradados pelo biofilme do carvão ativado: iopromida, iopamidol e metformina. Além 



Resumo 

193 
 

S 

disso, a adsorção de alguns micropoluentes, como iopromida e iopamidol, aumenta com a 

temperatura, enquanto que a adsorção de outros micropoluentes, como a metformina e a 

guanilureia, reduz com o aumento da temperatura. Finalmente, é comparada a capacidade 

de adsorção de carvão ativado previamente utilizado em estações de tratamento de água e 

virgem. O carvão ativado previamente utilizado apresenta adsorção reduzida para a maioria 

dos micropoluentes, com exceção daqueles cuja carga é positiva (metformina e guanilureia) 

e de hexametilenotetramina. 

Nos Capítulos 4 e 5, é avaliado o potencial de se utilizar a biodegradação para regenerar a 

capacidade de adsorção do carvão ativado. Isto foi feito por meio de experimentos em 

batelada e contínuos, utilizando como modelo o micropoluente melamina e biomassa capaz 

de degradá-la. A melamina é detectada com frequência em águas superficiais devido à sua 

ampla utilização e insuficiente remoção em estações convencionais de tratamento de 

efluentes. 

No Capítulo 4, são apresentadas as condições favoráveis à biodegradação de melamina, 

avaliada em condições óxicas ou anóxicas, aplicadas contínua ou alternadamente. Além 

disso, o efeito de uma fonte de carbono adicional na biodegradação é determinado. As 

condições mais favoráveis para a biodegradação de melamina são aplicadas para 

biorregenerar carvão ativado carregado com melamina. Nos testes em batelada, observou-se 

que a melamina pode ser biodegradada em condições óxicas e anóxicas, e que a biomassa 

capaz de degradar melamina pode recuperar pelo menos 28% da capacidade de adsorção 

original do carvão ativado. Além disso, altas taxas de adsorção obtidas com o carvão ativado 

biorregenerado indicam que a biorregeneração ocorre principalmente na fração dos poros 

maiores do carvão ativado. 

No Capítulo 5 é avaliada a contribuição da biodegradação para a remoção total da melamina 

em filtros de carvão ativado em escala de laboratório. Os filtros são inoculados com a 

mesma biomassa descrita no Capítulo 4, capaz de degradar melamina. Empregando-se dois 

métodos de inoculação, também foi avaliado o efeito de uma fonte adicional de carbono 

(metanol) e do tempo de contato na eficiência na remoção de melamina. A inoculação de 

filtros de carvão ativado com biomassa capaz de degradar melamina aumenta a eficiência de 

remoção deste micropoluente em pelo menos 29% na ausência de uma fonte de carbono 

adicional. Quando o metanol é utilizado como fonte de carbono adicional nos filtros 

inoculados, a remoção de melamina é quase completa (até 99%) e o ponto de ruptura não é 



Resumo 

194 
 

observado. Ademais, o suprimento de metanol a um filtro inoculado e próximo da saturação 

pode estimular até 98% de biorregeneração. 

As conclusões e implicações relacionadas aos capítulos experimentais são apresentadas e 

discutidas no Capítulo 6 e postas em perspectiva ao conhecimento atual sobre remoção de 

micropoluentes com carvão ativado. Finalmente, são apresentadas recomendações para 

trabalhos futuros e oportunidades para biorregeneração como forma de melhorar o processo 

de tratamento de águas. 
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