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Executive summary 

  

The Managed Aquifer Recharge (MAR) is a sustainable solution to address water scarcity in the case 

of aquifer overexploitation and groundwater quality reduction. The removal of a wide range of 

pathogenic microorganisms and chemicals, which are not completely removed by conventional 

wastewater treatments, has been documented in MAR. In particular, the reactive barrier approach 

(rbMAR) was proposed and applied to further reduce groundwater contamination risk by increasing 

the level of water treatment before aquifer infiltration.  

In MARADENTRO, the use of barriers based on organic low-cost by-products is proposed to 

enhance and control the natural processes of contamination removal. The proposed treatment barrier 

will be also tailored to promote retention (e.g., adhesion, straining, and filtration) and reduce the 

survival of microbial contaminants. Organic matter attached to the surface of porous media is 

expected to increase the cation exchange capacity, surface area, and the number of sites for bacterial 

adsorption, and thus affect bacterial transport. 

The first deliverable from the work package 2 (WP2) aims to review the state of the art of recent 

literature, thus contributing to identify current knowledge gaps and scientific issues to be addressed 

to improve the understanding of processes involved in organic contaminants removal in rbMAR 

systems. An introduction to suitable MAR types is provided, along with a study case from a target 

site in Spain. Moreover, the occurrence of major microbial and chemical contaminants of concerns 

(MCCs and CECs, respectively) is presented together with relevant processes affecting their 

transport and fate in rbMAR. The information provided herein will be either used for the 

experimental design of following project activities at lab and pilot scales or applied to improve the 

overall performances of plant schemes, with a focus on processes and consequences of microbial and 

chemical contamination transport and fate. 
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1. Managed Aquifer Recharge (MAR): an overview 
 

1.1. Introduction 
The Managed Aquifer Recharge (MAR) is devoted to the intentional recharge and storage of water 

into an aquifer for subsequent reuse, recovery, and environmental benefits. MAR systems can be 

designed in a wide range of different solutions depending on several criteria to be considered. It is 

used to store and treat water in an appropriate aquifer from a variety of sources (river water, 

reclaimed water, desalinated seawater, rainwater or even groundwater from other aquifers) and the 

final product can be used as a drinking water supply, as process water for industry, for irrigation 

(agriculture, gardens, golf courses, etc.), and for sustaining groundwater-dependent ecosystems. 

MAR application will rely on local hydrogeological conditions, specific conditions of the capture 

zone, source waters, and the required end-use. MAR must be implemented within the existing legal 

and water management framework.  

The benefits of water reclamation and reuse within an integrated water management framework are 

well documented in the literature (Anderson, 2003; Asano et al., 2007; Bixio et al., 2008). The 

increasing water scarcity in many regions in Europe and worldwide, the effects on water resources 

available due to climate change impacts and the growing population are all issues concurring to 

consider MAR a viable approach to address the predicted water shortages over the long term. For 

these reasons in the last decades, MAR sites are growing rapidly, with a wide distribution in Europe. 

 

For the scopes of this project, the present deliverable was entailed to review the state of the art on 

MAR systems. More specifically, we aimed to identify knowledge gaps and current scientific issues 

to improve the plant scheme performances, along with a deeper understanding of processes involved 

in microbial and chemical contamination patterns, with a focus on the occurrence and fate of 

potential pathogenic microorganisms and organic contaminants of emerging concern. 

 

1.2. MAR types and classification 
There is a large variety of different MAR types and extensive literature is available on these issues, 

but due to the number of different parameters involved is not easy to have a unique and homogenous 

classification. Page et al. (2018) provided a classification of MAR schemes (modified after Dillon, 

2005) in which the description of different types of MAR is accompanied by considerations 

regarding the benefits of each method and examples. The benefits description of each method is 

based on the fact that a wide range of methods for recharging water to meet a variety of local 

conditions is available, including infiltration techniques to recharge unconfined aquifers and well 

injection techniques, which are generally better suited to deeper, confined aquifers. 

Although these classifications are properly defined and accompanied by useful information, it is 

preferred to take as a reference the one included in the European MAR catalog provided by Sprenger 

et al. (2017). MAR types are classified into four main groups based on the recharge and storage 

technique, as shown in Table 1. 

 

Table 1-1. MAR types and classification (from Sprenger et al., 2017). 

Recharge technique and MAR types Specific MAR type 

Enhanced infiltration   

- Surface-spreading methods 

(areal recharge) 

Infiltration ponds  

Soil Aquifer Treatment (SAT) 

 Excess irrigation, ditches, trenches, sprinkler irrigation  
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- Point or line recharge Well/borehole infiltration 

 Reverse drainage, shaft recharge 

- In-channel modifications Check dams 

 Riverbed scarification 

 Sand dams 

Induced bank filtration (IBF) Riverbank filtration 

 Lake bank filtration 

Well injection Aquifer Storage and Recovery (ASR) 

 Aquifer Storage, Transfer, and Recovery (ASTR) 

 Aquifer Storage as hydraulic barriers (AS) 

Enhanced storage Subsurface dams 

 

 

Enhanced infiltration techniques are based on gravitational infiltration and percolation and include 

different types of recharge: areal, punctual, linear structures and in-channel modifications. In such 

methods, the source water is spread over a permeable land surface to enhance the infiltration and 

percolation to the groundwater body. Specific MAR type for surface –spreading methods (area 

recharge) are infiltration ponds, SAT and excess irrigation, ditches, trenches, sprinkler irrigation.  

Most of the existing large-scale MAR sites in Europe make use of this technique and typically utilize 

infiltration ponds to increase the groundwater availability. SAT describes the infiltration and 

percolation of reclaimed water through soil and aquifer passage. Due to the lower quality of source 

water, SAT systems are generally operated in wet and dry cycles to allow for maintenance (e.g., 

mechanical removal of the clogging layer) or to restore aerobic conditions in the infiltration zone. 

Specific MAR type for line and point recharge typology, respectively, are reverse drainage, shaft 

recharge, and well/boreholes infiltration. During point or line recharge, the source water is infiltrated 

either as elongated (e.g., shafts, drains) or punctual (e.g., abandoned dug wells, boreholes) recharge 

structures. 

In-channel modifications (i.e., structures applicable to stream or channel bed) refer to different MAR 

types. The riverbed scarification is a measure to enhance the riverbed recharge by the mechanical 

removal of the impermeable top layer in the riverbed. The sand dams are generally constructed in 

non-perennial rivers where, during periods of high flow, the suspended solids in the streamflow 

accumulate upstream of the dam over time. Runoff water can easily infiltrate these highly permeable 

deposits, creating a small-scale artificial aquifer upstream of the dam. 

Bank filtration (BF) is an established, sustainable, and relatively inexpensive treatment for the 

production of high-quality water from rivers and lakes (Tufenkji et al., 2002). Water is filtered 

through sediments and a sandy soil passage by applying a hydraulic gradient. For SAT, an artificial 

infiltration basin (or an injection well) is typically used instead of natural surface waters. Both BF 

and SAT provide passive exposure to various processes such as adsorption, Physical-chemical 

filtration, and biodegradation that eliminate pathogens and many organic micro-pollutants including 

pharmaceuticals, biocides, and industrial chemicals, among others (Grünheid et al., 2005; Massmann 

et al., 2007). 

Induced bank filtration (IBF) techniques are applied through the infiltration of surface water induced 

by pumping from a nearby well or several wells, generally arranged along a line parallel or 

perpendicular to the bank of the surface water body. IBF sites are typically located near perennial 

streams and lakes in hydraulic contact with the adjacent aquifer. Unlike from bank filtration where 

filtration occurs by losing river conditions, IBF emphasizes the purposeful abstraction of surface 

water by wells. 
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Well injection techniques are suitable where thick, low permeability strata overlie the target aquifers. 

The aquifer storage and recovery (ASR) method, defined as “the storage of water in a suitable 

aquifer through a well during times when water is available, and the recovery of water from the same 

well during times when it is needed” (David and Pyne, 2017). The aquifer storage transfer and 

recovery (ASTR) method, which involves an aquifer passage between the injection and the 

abstraction well. The aquifer storage (AS) method is used to fill seasonal gaps in water supply and it 

is primarily aim is groundwater replenishment in the target aquifer (e.g., to counteract seawater 

intrusion). 

Enhanced storage techniques do not lead to additional recharge but enhanced groundwater storage 

where required. The method is applied through the construction of subsurface dams, although not 

particularly widespread in Europe. 

Several detailed guidelines regarding the design, operation, and maintenance of MAR systems have 

been published (Aharoni et al., 2011; Kazner et al., 2012; Maliva, 2020). 

 

1.3. Geo-localization of MAR systems 
Considering the large variety of multi-scheme MAR types, it is fundamental to use a homogenous 

classification to improve the knowledge of their spatial distribution at different continental levels, 

also taking into account the specific plant configurations. An effort in classification, storage and geo-

localization on the main MAR sites in Europe was used to develop a global web-GIS based inventory 

of MAR systems (Stefan and Ansems, 2018). The MAR Portal, launched by the International 

Groundwater Resources Assessment Centre (IGRAC; https://www.un-igrac.org/special-project/mar-

portal) and TU Dresden, is a web-based system collecting data from about 1200 case studies from 

over 50 countries. It is a module of the Global Groundwater Information System (GGIS), which is an 

interactive, web-based portal to groundwater-related information and knowledge (Figure 1-1). The 

MAR global inventory provides an overview of the spatial distribution of MAR sites in Europe 

classified based on the relevant parameters, represented by different available layers (Main MAR 

Type, Specific MAR type, MAR main objective, MAR influent source, and MAR final use) in the 

map. In detail, the inventory contains information on the site name, location, MAR type, the year 

when the scheme came into operation, the source of infiltration water, the final use of abstracted 

water, and the main objective of the MAR scheme. Every map is interactive in terms of visualization 

and query (attribute and spatial) and is provided with its legend. Also, spatial data are equipped with 

information stored in table and several tools are available in GIS environment to analyze the data 

distribution to discover spatial patterns (e.g. clusters, hot spot) and to integrate data from different 

environmental layers (i.e., soils, lithology, topography, hydrography, groundwater) aiming to find 

their relationship. Other correlated maps are available to be overlapped to the MAR Site distribution, 

as the global climate zones map (based on the  Koppen-Geiger classification; Beck et al., 2018) and 

the Global Groundwater Stress map, which demonstrate the applicability of MAR schemes in various 

climate zones and under diverse hydrogeological conditions. Even though the configuration of a 

MAR system is site-specific, it would be strongly recommended that other European countries share 

MAR info to improve data accessibility and provide guidance for MAR suitability. By facilitating 

access and promoting international sharing of information and knowledge on MAR, the MAR portal 

encourages stakeholders to consider MAR as a viable solution for sustainable groundwater resources 

development and management. 

 

 

https://www.un-igrac.org/special-project/mar-portal
https://www.un-igrac.org/special-project/mar-portal
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Figure 1-1. Overview of the MAR portal homepage available on the web platform and directly 

accessible at the following link: https://apps.geodan.nl/igrac/ggis-

viewer/viewer/globalmar/public/default. 

 

 

The data shown in this portal have been made available by INOWAS (TU Dresden, Germany and 

funded by the German Federal Ministry of Education and Research) and the DEMEAU project 

(European Union FP7 project consortium). More information on the Global MAR Inventory project 

and its partners can be found on http://www.un-igrac.org or contact IGRAC at info@un-igrac.org. 

The MAR Portal contains a selection of data available in the European MAR Catalogue (Sprenger et 

al., 2017). The catalogue covers various key parameters collected from the available literature and 

despite not being a comprehensive database including all existing MAR sites in Europe, it constitutes 

a noteworthy effort to provide an exhaustive overview, not only on the spatial distribution of the 

MAR but also on the different types of schemes available. The database contains 278 MAR sites 

found in 23 European countries, out of which 56 sites were shut down before 2013. In most cases the 

closed sites were used as pilots for a limited period, in others instead, the operation has been 

suspended temporarily or was shut down entirely due to economic, technical or political reasons. 

Data presented is based on reports from the DEMEAU project (Hannappel et al., 2014), but have 

undergone substantial changes (Sprenger et al., 2017). 

 

1.4. Reclaimed water characteristics: a case study  
The Urban Waste Water Treatment Directive (UWWTD) (91/271/EEC) is a key part of the EU water 

policy and forms a minimum background for the programme of measures and river basin 

management plans for the implementation of the Water Framework Directive (2000/60/EC). 

https://apps.geodan.nl/igrac/ggis-viewer/viewer/globalmar/public/default
https://apps.geodan.nl/igrac/ggis-viewer/viewer/globalmar/public/default
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Efficient protection of rivers, lakes and the coastal and marine waters against pollution and 

eutrophication as required by the WFD can only be achieved by the collection and treatment of the 

urban wastewater as laid down in the UWWTD. UWWTD sets a clear timetable by which 

Member States (MS) are required to ensure that agglomerations are provided with systems for 

collecting urban wastewater and for treating it to required standards. 

 

The basic elements for the implementation of the Directive are (i) the designation of receiving areas, 

(ii) the delineation of the agglomeration. 

The size of an agglomeration and the sensitivity of water body (or receiving area), that receive 

wastewater discharges define the treatment level requirements for the treatment plant(s) serving this 

agglomeration. 

The first step for the implementation of the UWWTD is the identification of the type (coastal, 

estuary, freshwater) and sensitivity of the receiving water body. As the water body is one of the core 

elements of the WFD, it establishes the strong link between both Directives. 

In the sense of the UWWTD, water bodies receiving wastewater discharges can be divided into 

sensitive (SA), not sensitive areas (or so-called normal areas, NA) and less sensitive areas (LSA). 

The second step for the implementation of the UWWTD comprises the delineation of the 

agglomeration, resulting in the size (= generated load) of the agglomeration. According to the size 

classes defined in the UWWTD different types of wastewater treatment are required. 

Based on the first and the second step of implementation of UWWTD the requirements for 

wastewater collection and treatment standards in the UWWTP(s) serving the agglomeration are 

defined. 

The third step for implementation of the Directive is the compliance of aggregated information at the 

MS level (sewage sludge). 

When making an assessment of the performance of the implementation of the UWWTD, a logical 

sequence starting from the agglomeration size to the receiving water body/receiving area has to be 

addressed (Figure 1-2). The structure of UWWTD Questionnaire 2007 takes the key role of both 

parameters into account as it is based on the main principles of the Directive, and stipulates that the 

inventory and mapping of the receiving areas is done BEFORE the inventory of the agglomerations. 

 

 
 

Figure 1-2. Schematic presentation of the target system. 

 

Parallel to increasing severity and frequency of droughts experienced in the early 1990s and summer 

2003, sustainable use of water resources gains more and more importance. In the water policy frame, 

this issue has been incorporated into the Water Framework Directive (WFD – 2000/60/EC). Enacting 

the WFD, the European Union established an environmental policy that aims at achieving a good 

status of surface water and groundwater in terms of quality and quantity. This will promote 

sustainable water resources utilization and might favour wastewater reclamation and reuse as a viable 

option. However, at the European level, there are no legislative regulations concerning wastewater 



        MARadentro – Water JPI 2018 Joint Call  

 

9 

 

reuse so far, apart from the Urban Wastewater Treatment Directive (91/271/EEC - UWWTD), which 

advises to reuse wastewater “whenever appropriate”. Thus, the installation of wastewater reuse 

schemes across Europe has been carried out under country-specific national or even regional 

guidance. 

The incorporation of Directive 91/271 / EEC into Spanish Law is contained in the Royal Decree-Law 

11/1995 of December 28 (BOE No. 312, of December 30), which establishes the rules applicable to 

the treatment of urban wastewater. The requirements that must be met, both spills and treatment 

facilities urban wastewater, to comply with the provisions of Directive 91/271/EEC are described in 

letters B and D of its Annex I, and in tables 1-2, 1-3 and 1-4 of the latter. 

As shown, the parameters required by the regulations are limited to chemical and biological oxygen 

demands, to total solids and in sensitive areas to total nitrogen and phosphorus. 

Due to this, the systematic analyses carried out in the sanitation facilities are limited to these 

parameters. Pathogens and other emerging pollutants are out of reach. 

PRTR-Spain is the State Register of Emissions and Contaminating Sources. In this registry, 

information on the emissions to the atmosphere, water, and soil of polluting substances and data on 

waste transfers from the main industries and other specific and diffuse sources are made available, 

following the provisions of the international (Kiev Protocol and Aarhus Convention), European (E-

PRTR Regulation) and national legislation (Royal Decree 508/2007 and subsequent amendments).   

 

Table 1-2. Requirements for discharge from urban waste water treatment plants subject to Article 4 

and 5 of the directive. The values for concentration or for the percentage of reduction shall apply. 
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Table 1-3. Requirements for discharge from urban waste water treatment plants to sensitive areas 

which are subject to eutrophication as identified in Stefan and Ansems (2018). One or both 

parameters may be applied depending on the local situation. The values for concentration or for the 

percentage of reduction shall apply. 

 

 
 

The development of the UWWTD Questionnaire 2007 including technical specification, structure, 

and parameters requested based on the new reporting requirements according to the WFD. According 

to the WFD, a clear and stable link is required from the source of pollution to the discharge point and 

the impact on water quality in the receiving water. 

Initially, declarations of the basic parameters of the sanitation facilities were, determining from this 

inventory the analyses to carry out according to the size of the treatment plants and/or amount of 

produced residues. 

The more extended analysis is only for WWTP over 100.000 equivalent inhabitants or due to its 

sludge production. It means that in Catalonia and Aragón (Spain) only a few plants are included in it. 

A Extensive lists of pollutants was done between 2007 and 2016 to large WWTP effluents, as can be 

seen in the example in Annex II. The list of pollutants families there are analysed includes: 

 

 Heavy metals 

 Anions 

 Volatile organochlorine 

 Semi-volatile organochlorine 

 Volatile aromatic hydrocarbons 

 Polycyclic aromatic hydrocarbons 

 Herbicides 

 Endocrine disruptors 

 Phenols 

 Halogenated organic compounds 

 Sn-organic compounds 
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With these analyses and considering the flow rates treated in the facilities, the calculation of 

emissions for the different pollutants is reached and compared with the thresholds established for 

each compound or family of compounds. 

In 2016, the Catalan Water Agency (ACA) reduced the number of parameters of each installation by 

from 80 to 13, by eliminating those that were not detected significantly during the previous 10 years, 

so the number of contaminants to be determined was drastically reduced in some facilities as well as 

the frequency of analysis going from 2 annual to only one annual analysis. The list includes: 

 

 Alquilphenols 

 Phtalates 

 Sn organic compounds 

 Pesticides 

 

From 2007 to 2016 exists a wide list of parameters in the WWTP effluents from list 1 that could be 

reviewed for this project with a periodicity of one or two annual. 

In Spain, the reuse of water is regulated by the RD 1620/2007, laying down the legal regime for the 

reuse of purified water. The parameters to define the water uses (Table 1-4) are: 

 

 intestinal nematodes 

 Escherichia coli 

 suspended solids 

 turbidity 

 

Table 1-4. Microbial contaminants and maximum acceptable values reported in current Spanish 

regulations. 

  

 
 

Depending on the analytical results, the use of water could be: 

 

 urban uses: residential or services 

 agricultural uses: divided into three categories 

 industrial uses: in turn also divided into three types 

 recreational uses with two levels of demand and finally 

 

All required samples are collected after tertiary treatments for reuse, so samples are not usually 

available before the treatment that would be interesting for this project. 

The available information from various facilities (with flows exceeding 100,000 equivalent 

inhabitants) that are subject to analysis inventoried by the Spanish regulations has been compiled to 
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assess which are the parameters of which prior information is available and that systematically give 

positive results. 

2. The fate of microorganisms in MAR and reactive barriers  
 

2.1. Relevance of microbial community composition on MAR performances 
Many of the processes improving the water quality during MAR are mediated by microorganisms. In 

both the unsaturated and saturated zones, communities of microorganisms capable of performing a 

range of chemical transformations are present. Biotransformation seems to be a more important 

mechanism than sorption for reducing the concentrations of EOCs (Alidina et al., 2014; Rossmassler 

et al., 2019; Yan et al., 2018b) so deeper insight in how microbial community structure is related to 

MAR performance will hence help to understand the biodegradation processes and tailoring MAR 

facilities. 

So far, little is known about the diversity and composition of the microbial communities in the water 

as well as in the solid phase of these habitats. The reasons are probably several; the focus has been 

on performance per se, there are difficulties in doing proper sampling (Fredrickson et al., 1989) and 

sequencing techniques for assigning taxonomic affiliation to members of whole communities as well 

as elucidating functional properties in a community are relatively new. Laboratory experiments under 

controlled conditions are useful to explore and understand microbial community behaviour but the 

full scale; operating systems need to be studied as well. Upscaling of results from a lab-column to a 

field site is not straight-forward. 

There are only few published studies where microbial community composition is related to MAR 

activities and the results presented are often descriptive and might have limited relevance in systems 

outside the site/the experimental setup investigated. Bacterial phyla found in a majority of the MAR 

sites were Proteobacteria, Actinobacteria, and Bacteroidetes, all common in soil. The specific 

taxonomic composition of the soil and water communities might not be the most important factor to 

address for predicting the performance of a MAR. It is probably more relevant to ask fundamental 

ecological questions regarding succession, resilience, redundancy in performance, etc.  

In literature, there is a general trend that bacterial diversity is negatively correlated to sample depth 

in the field and to column length in the laboratory. A high microbial diversity has the potential to 

harbor a high metabolic diversity, with many biodegradation pathways and hence a functional 

redundancy. 

 

2.1.1. Field studies 
A handful of studies have addressed general or specific questions regarding microbial community 

composition in different types of field scale tests or operating MAR systems. One early 

characterization of aquifer sediment microbiology was conducted in Australia (Ginige et al., 2013). 

Samples were collected down to 257 m below ground level in wells representing no recharge or 

recharge with secondary treated wastewater that had further undergone ultrafiltration, reverse 

osmosis, and ultraviolet disinfection. It was found that recharge increased the total number of 

bacteria, changed the community composition and reduced the diversity of the communities. Further, 

differences in community composition between the lithological classes in the sediment were nicely 

demonstrated. The methods used have, compared with today’s technology, very low capacity and 

resolution and this is reflected in the overall low number of bacterial groups identified. A decrease in 

bacterial diversity after a period of recharge was also demonstrated (Zhang et al., 2016), but as in the 

aforementioned study, the results are hampered by methodological limitations.  
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Newer studies investigate the relation between geochemical parameters and microbial community 

composition. Dissolved oxygen (DO) and redox conditions are suggested as the factors contributing 

the most to shape differences in microbial community structure by depths at a riverbank filtration site 

(Lee et al., 2018). Barba et al. (2019) addressed temporal and spatial changes in microbial 

community compositions in another type of MAR, surface infiltration by basins. Here the authors 

analyzed and interpreted their findings by not only linking community structure to a range of abiotic 

factors but also by discussing the findings in the light of ecological principles. Different water types 

were identified in the saturated zone, each of them harbouring a specific set of microorganisms 

during recharge conditions. As in other studies, they found a general decrease in bacterial diversity 

with depth. Soil moisture and grain size were found to be important parameters shaping the soil 

community structure as well as dissolved organic carbon (Barba et al., 2019b).  

Finally, in a long-term study at a riverbank filtration site, the migration and accumulation potential of 

four endocrine-disruptive-chemicals (EDCs) and their association to microbial community structure 

was addressed (Wang et al., 2019). Both temporal and spatial distribution of bacterial and archaeal 

phyla were found to vary considerably. The factors affecting the distributions at the site were, in 

order of importance, temperature, depths, EDC concentration, pH and total organic carbon (TOC). 

EDCs did not affect the seasonal separation of communities but were negatively correlated to 

sampling depths. The diversity was higher in summer and the spatial (vertical) diversity displayed 

opposing patterns in summer and winter. 

 

2.1.2. Laboratory studies 

To study MAR and bacterial community composition in the laboratory, experimental setups using 

columns are common. The columns contain, with few exceptions, material from field MAR sites and 

the objective is often to quantify the degradation of a specific compound or a group of 

environmentally unfriendly compounds. Pharmaceutical and personal care products (PPCP) and 

flame retardants are examples of compounds of interest, from here on collectively named organic 

contaminants of emerging concern (CECs). Biotransformation appears to be more important than 

sorption for reducing the concentrations of these compounds so deeper insight into how microbial 

community structure is related to MAR performance will help understanding the biodegradation 

processes and tailoring MAR facilities. 

Biodegradation of CECs is in many cases co-metabolic, where the organism cannot use the 

compound to be degraded as a source of C and energy but needs another primary C source (Alidina 

et al., 2014; Tran et al., 2013). Hence, several studies are addressing how microbial communities in 

the soil are impacted by concentrations and/or biodegradability of C in recharge water. Li et al. 

(2012) investigated the influence of DOC on microbial community diversity and composition by 

combining field and lab scale and found strong similarities in community composition across and 

within five riverbed sites and a negative correlation between bacterial diversity and DOC. In the 

corresponding lab experiment, columns receiving a higher DOC concentration displayed spatial 

differences in community composition.  This led the authors to perform additional column 

experiments, in which they concluded that a higher proportion of more recalcitrant C in the feed 

water led to higher bacterial diversity and differences in community composition (Li et al., 2013). 

The importance of C degradability was also demonstrated by Friedman et al. (2018). In an 

experiment simulating soil aquifer treatment, SAT, at different C/N ratios, it was clear that the 

community structures were mostly influenced by the concentration and degradability level of the C.  

The role of primary C has also been evaluated in experiments aiming at increasing CECs degradation 

rates in aquifer material. C-starving conditions and high humic content in the in-water promoted the 

establishment of a more diverse bacterial community and, indicated by a higher abundance of 

biodegradation genes, an increased metabolic potential (Drewes et al., 2014). Hellauer et al. (2018) 
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also showed a relation between C types in WWTP effluent and the biodegradation of EOCs in 

aquifer material and described how microbial community composition is influenced by C type. 

Another example is a PPCP degradation experiment where a range of C sources, from labile to more 

recalcitrant, was added to batch reactors having the same MAR derived inoculum. This gave insight 

into the complexity of the systems; the C sources led to the establishment of different microbial 

communities in the reactors, albeit the same inoculum was used. For the single compounds, 

degradation rates varied depending on C source, suggesting that different enzymatic pathways were 

present in the reactor types. Predicted metabolic pathways for the PPCPs supported the finding as 

many of the compounds were suggested to be degradable along several pathways (Rossmassler et al., 

2019). Differences in biodegradation pathways for the same compound related to microbial 

community composition was demonstrated by Wang et al. (2018) when they investigated how 

hydrocortisone was degraded in aquifer media from different rivers. Optional pathways also for bio-

debromination of a flame retardant, related to differences in archaeal community composition, were 

detected in studies by Yan and co-workers (Yan et al., 2018a, 2018b). 

In laboratory biodegradation experiments, there must be a source of microorganisms. Either the 

water to be remediated is native or the columns/reactors are inoculated, often with aquifer derived 

material or other types of environmental samples. To enrich for a community having microorganisms 

adapted to degrade specific CECs, the inoculum can be pre-incubated together with the target 

compounds. The roles of the source of inoculum and pre-incubation on community composition and 

degradation rates are less explored than the role of C discussed above. Community compositions 

were found to be remarkably similar between lab and field despite effluents from different WWTPs 

(Onesios-Barry et al., 2014) and Li et al. (2012) could not distinguish differences in composition at 

phylum level between several field MAR sites. On the other hand, when using inocula from a 

broader range of environments, Kim et al. (2017) saw significantly different community 

compositions and concluded that the inoculum source had a major impact on the degradation rates. 

They used pre-incubated inocula and recommends using an inoculum adapted to the EOCs that are to 

be degraded. This is in contradiction to the conclusion from an experiment systematically testing the 

usefulness of pre-incubation. It revealed that pre-incubation did not affect microbial community 

composition or, for most of the tested substances, degradation rates (Alidina et al., 2014). All four 

above mentioned studies use inoculum from either aquifer material or water. Bertelkamp et al. 

(2015) used a setup with aquifer material and river water in combination and concluded that the 

water had a bigger impact on degradation rates than the soil; the CECs degradation rate was not 

different between two soils fed with the same water. The microbial diversity in the two soils was 

similar, but the compositions differed. The same authors further concluded that the system studied 

was resilient to transient high loads of DOC (Bertelkamp et al., 2016a). Unfortunately, the microbial 

data in these two studies is scarce, have low resolution, information is not complete, and the 

conclusions do not seem to be based on statistical analyses.  

Finally, there are a few laboratory studies covering topics not discussed so far; relating microbial 

community composition to the technical problem of clogging (Smith et al., 2015; Xia et al., 2018), 

how different modes of operation in MAR affects estradiol degrading microbial communities (Ma et 

al., 2018) and if there is a risk of microbial reduction of Fe3+ to Fe2+ in a deep saline aquifer (Ko et 

al., 2016). 

 

2.2. Microbial Contaminants of Concern (MCCs) 
The fate of pathogens is subsoil and barriers are characterized by two sets of process: retention and 

inactivation. It is important to bear in mind that (1) the soil is a living organism by itself, and (2) a 

broad range of pathogens, with different properties, may be present in treated wastewater or other 

source waters. The former implies that the soil system will be sensitive to external perturbations and 
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its behavior will evolve in time. This may explain the broad range of, often contradictory, sets of 

results reported in the literature.In the following sections, updated knowledge on pathogen fate in 

biofilters soil and subsoil is reported. In particular, we focus on (i) the types of pathogens of concern 

in SAT and their contamination level in reclaimed waters, (ii) relevant mechanisms and factors 

affecting pathogen fate, and (iii) pathogen characteristics affecting their transport and inactivation, 

and (iv) available monitoring methods and indicators used to assess water quality amelioration in the 

processes. 

Most pathogens potentially transmitted by water infect the gastrointestinal tract and are excreted in 

the faeces of infected humans and other animals at high concentrations (up to 10
12

 g
-1

) (WHO, 2008). 

Indeed, a variety of pathogenic microorganisms, very diverse in their sizes, surface properties, and 

survival capacities are potentially present in reused water and can be removed at a different level in 

barriers and aquifer. Moreover, infective doses of waterborne pathogens, the minimum number of 

pathogenic microorganisms necessary to produce an infection in a human been, is highly variable 

among microbial groups and thus the pathogenic environmental level of concern for human health 

varies accordingly (WHO, 2011). The relative pathogen infectivity, obtained from experiments with 

human volunteers, from epidemiological evidence, and experimental animal studies, are ranked 

according to WHO Drinking Water Guidelines as high (1–10
2
 organisms or particles), moderate 

(10
2
–10

4
) and low > 10

4
 (WHO, 2011). 

The abundance of a pathogen in raw and treated wastewater is extremely variable depending on the 

number of factors comprising the presence of pathogens in the population, time of year, local public-

health and social-economic status and water per capita use (Gerba et al., 2013; Regnery et al., 2017; 

Who, 2006; WHO, 2011). A list of relevant pathogenic waterborne microbes, classified into four 

broad categories: bacteria, protozoa, viruses (Bitton, 2005; Regnery et al., 2017), is provided 

elsewhere (see table 11.1 in Tandoi et al., 2012). 

Helminths and other metazoan are also reported by WHO Water quality guidelines (WHO, 2008) as 

microorganisms of health concerns spread in contaminated waters. However, the latter are common 

causes of diseases mainly in low-income countries with limited water treatments and supply 

facilities. On the contrary, although still present as monitoring parameters in normative on water and 

wastewater treatments of several European countries, these pathogens are rare or not endemic in EU 

member states. 

In the following sections, the main characteristics of pathogenic protozoa, bacteria, and viruses are 

reported. A list of major characteristics of pathogens relevant for MAR is reported in table 2-1. 

 

2.2.1. Pathogenic protozoa  
Giardia and Cryptosporidium are indicated as waterborne pathogens of primary concern (WHO, 

2011). Characteristic of these pathogens is the production of resistant infective/resting stages, cysts 

(Giardia) and oocyst (Cryptosporidium), with elevated survival capacity (John and Rose, 2005) and 

tolerance to chlorination (Asano et al., 2007). Giardia and Cryptosporidium oocysts are secreted 

with faeces of infected humans and animals, in very high numbers (10
10

/day inpatients) and can 

cause infection at low doses, namely 1-10 oocysts/L and 10-25 cysts/L (WHO, 2011).  

Oocysts are commonly found in WWTP effluent as well as surface waters, variable figures of their 

frequency and abundance are reported (Tandoi et al., 2012). Low levels of these pathogens were also 

found in groundwaters, the effluent of water treatment processes and tap water (Carmena et al., 2007; 

Di Benedetto et al., 2005; Levantesi et al., 2010). Nevertheless, cysts (Giardia) and oocyst 

(Cryptosporidium) are quite large particles (respectively 4-6 m and 8-14 m size respectively) and 

might pose a lower risk than other microbial contaminants of health concern in MAR processes. 
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2.2.2. Pathogenic bacteria 

Bacteria are unicellular prokaryotic organisms of approximately 0.2-5 µm in diameter. Pathogenic 

bacteria are usually characterized by low or moderate infectivity (10
3
-10

9
 cells) and are less resistant 

than protozoa and viruses to traditional disinfection treatments and have a lower capacity to survive 

in the environment (John and Rose, 2005; Tandoi et al., 2012; WHO, 2011).   

Common Enteric bacteria spread by the fecal-oral routes of contamination and detected in 

wastewaters are Salmonella spp., Campylobacter spp., Shigella spp., Yersinia spp., Vibrio cholera, 

pathogenic E. coli, and Listeria spp. (Ashbolt, 2004; Regnery et al., 2017; Uyttendaele et al., 2015). 

Overall, these pathogens are not adapted and have a limited or null capacity to grow in natural 

waters. 

In addition to enteric pathogens, environmental bacteria such as Legionella spp. and Pseudomonas 

spp., referred as environmental opportunistic pathogens, can become pathogenic following a 

perturbation to their host (e.g., disease, wound, medication, prior infection, immunodeficiency, and 

aging) should be considered in water reuse processes (Casadevall and Pirofski, 2015; Netea et al., 

2020). 

Bacterial pathogens frequencies and levels in raw wastewater and secondary effluent varies largely 

among countries. In Europe, frequencies of pathogen detection is commonly low, however up to 10
6
 

CFU/100 ml have been reported in raw wastewater and secondary effluents, respectively. Pathogenic 

bacteria are microorganisms that are sensitive to disinfection and their complete removal is generally 

obtained by tertiary treatments in WWTPs. 

 

2.2.3. Pathogenic viruses  

Viruses are of major concern in the case of MAR operations, because of their small size (20-200 nm 

for most species), and consequent facility of transportation in groundwater (Masciopinto et al., 2011; 

Tandoi et al., 2012). Viruses are small biological entities composed of a nucleic acid (DNA or RNA) 

enclosed in a sheath made of protein (Dion et al., 2020). Viruses are unable to multiply outside their 

host cells their infective dose is generally lower than that of bacterial pathogens and they show a 

higher resistance to disinfection treatments (Bitton, 2005). Enteric viruses potentially spread by 

contaminated groundwater include adenoviruses, Aichi virus 1, hepatitis E, and reoviruses 

enteroviruses, hepatitis A, and rotavirus. In particular enteroviruses, hepatitis A, rotavirus and 

norovirus are implicated in waterborne outbreaks (Craun et al., 2010). 

Virus concentration in wastewater is highly variable and linked to the season and the age distribution 

of the population. Enteroviruses and adenoviruses are commonly monitored in wastewaters for their 

capacity to grow in the laboratory on cell cultures. Based on studies of virus quantification on animal 

cells, culture assays virus concentrations in untreated domestic wastewater were always found no 

greater than 5- to 6-log per litre. In the last 20 years, advances in molecular detection methods have 

increased 100 times the level of human viruses which can be found in wastewater of to over 50 the 

number of new viral types, including Coronaviruses (Gerba et al., 2018, 2017; La Rosa et al., 2020). 

Possible sources of these viruses in groundwater include septic tanks and leaking sewer lines. Many 

field studies on viruses in groundwater beneath MAR and other sites that practiced land application 

of wastewater were conducted (Morrison et al., 2020; Sasidharan et al., 2017). Enteric viruses were 

detected in the groundwater beneath most target sites, with a travel depth as great as 30.5 m 

vertically and 400 m horizontally (Borchardt et al., 2003). 
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Table 2-1. Relevant characteristics of major pathogens retrieved in MAR systems 

 
Indicator 

organism 

Shape/Size 

(nominal diameter) 
Surface properties 

Survival promoting 

conditions 

Survival limiting 

conditions 

Decay rate 

(soil/sediment/aquifer) 
Log-removal References 

Protozoa        

Cryptosporidium parvum 
and hominis 

Sphere 
3-6 µm 

Glycoproteins 

37°C - pH 7.6. 

Presence of organic 

matter 
Occurrence in 

biofilms 

Resilient oocysts 

Drying 

38-120 d (T90) (C. parvum) 

-0.0254 (± 0.0072) d-1 – 39 d (T90) 

-0.2005 – -0.84564 (die-off rates) 
0.012, 0.0030 log10 d

-1 

-0.012 log d-1 

83 d (T90) 

1.4 – 2.4 

(treatment 

plants) 

Casemore et al., 1985 

Sidhu et al., 2015 

Alum et al., 2014 
Toze et al., 2010 

Page et al., 2010 

Betancourt and Rose, 2004 

Giardia lamblia 
Pear-shaped 

7-10 µm 

Four pairs of 

flagella and a 

ventral disk 

0-54°C 
Presence of organic 

matter 

Occurrence in 
biofilms 

Drying 
-0.25073 – -0.63648 (die-off rates – 

variety of surfaces) 

1.5 – 2.5 

(treatment 

plants) 

Ryan et al., 2019 

Alum et al., 2014 

Betancourt and Rose, 2004 

Entamoeba histolytica 
Sphere-ovoid 

10-20 µm 

Thin cell 

membrane. Finger-
like pseudopods 

35-37°C T ≥ 45°C   Gillin and Diamond, 1980 

Cyclospora cayetanensis 
Sphere 

7.5-10 µm 

Oocysts contain 

four sporozoites 
22-32°C High T   Di Gliullo et al., 2000 

Microsporidia 
Ovoid-pyriform 

1-30 µm (spores) 
Flagella 

4-33°C. 
Resistance to 

chlorine 
   

Wolk et al., 2000 

Weiss and Keohane, 1999 

Toxoplasma gondii 
Crescent-shaped 

3-7 µm (tachyzoites) ovoid 

10-12 µm (oocyst) 

No motile 

structures 
0-12°C 

High T: ~66˚C 
Decreased relative 

humidity 
  

Dubey, 1997 
Meerburg and Kijlstra, 

2009 

Indicator 

organism 

Shape/Size 

(nominal diameter) 
Surface properties 

Survival promoting 

conditions 

Survival limiting 

conditions 

Decay rate 

(soil/sediment/aquifer) 
Log-removal References 

Bacteria        

Salmonella spp. 
Rod 

0.7-1.5 µm 
Flagella 5.2-46°C 

0 < T < - 12°C 
T > 70°C 

0.7-2 d (T90) (S. enterica) 

-0.8107 (± 0.3008) d-1 

0.20 – 0.35 d (fresh produce) 
0.8102 log/d (S. typhimurium) 

-1.42 log d-1 (S. enterica) 

0.7 d (T90) (S. enterica) 

0.91 – 2.30 

(mesophilic 
anaerobic 

digestion) 

Fabrega and Vila, 2013 

Sidhu et al., 2015 

Toze et al., 2010 
Stine et al., 2005 

Chen et al., 2012 Sidhu et 

al., 2010 

Campylobacter spp. 
Spiral-spherical 

0.2-0.5 µm 
Flagella and cilia 

30-47°C 

Optimum T: 42°C 

Thermo-sensitive 

Drying 

-0.02 – -3.41 d-1 (C. jejuni) 

-0.02 - -3.26 d-1 (C. jejuni) 

-0.07 – -3.83 d-1 (C. coli) 
-0.06 - -3.73 d-1 (C. coli) 

-0.05 – -3.75 d-1 (C. lari) 

-0.05 - -3.72 d-1 (C. coli) 
-5 log d-1 (C. jejuni) 

0.2 d (T90) (C. jejuni) 

-0.28 – 2.05 

(biofilters) 

Kenneth and Ray, 2004 
Thomas et al., 1999 

Chandrasena et al., 2016 

Sidhu et al., 2010 
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Shigella spp. 
Rod 

0.3-1 µm 
No flagella 10-40°C pH < 4.5   Gross et al., 1984 

Yersinia spp. 
Rod-ovoid  
0.5-0.8 µm 

Flagella Optimum T: 28-29°C    Alexandrino et al., 2004 

Vibrio cholerae 
Comma-shaped 

0.5-0.8 µm 

One flagellum and 

pili 

T: ~37°C 

pH: 7.6 

High T 

p.H < 4.5 
  Rice and Johnson, 1991 

Pathogenic E.coli 
Rod 

1.16 µm 
Adhesive fimbriae 

25-42°C. 

Optimum T: 37°C. 
T ≥ 70°C 0.124 – 0.778 d-1 

4.1 – 7.9 
(treatment 

plants) 

Bradford et al., 2006 
Easton et al., 2005 

Owoseni et al., 2017 

Listeria spp. 
Rod 

0.4-0.5 µm 
Flagella 

T: 30-37°C. 
Occurrence in 

biofilms 

   Chae and Schraft, 2000 

Indicator 

organism 

Shape/Size 

(nominal diameter) 
Surface properties 

Survival promoting 

conditions 

Survival limiting 

conditions 

Decay rate 

(soil/sediment/aquifer) 
Log-removal References 

Viruses        

Entero and parecho 
Sphere-icosahedral 

25-30 nm 

4.0-6.75 

(isoelectric point – 

Enterovirus) 

Occurrence in 
biofilms 

   Michen and Graule, 2010 

Hepatitis A 
Sphere-icosahedral 

27-32 nm 
2.8 (isoelectric 

point) 
 T > 80°C 

0.01 – 0.12 d-1 
0.009 – 0.041 d-1 

 

Stine et al., 2005 

Michen and Graule, 2010 

Nasser and Oman, 1999 

Hepatitis E 
Sphere-icosahedral 

27-34 nm 
  T > 70°C 0.02 – 0.22 (T90)  

Barnaud et al., 2012 

Girones et al., 2014 

Noro and Sapro 27-38 nm (norovirus) 
5.0-6.0 (isoelectric 

point – Norovirus) 

Resistant to freezing 

and heating 
T > 60°C   

Terregino and Arcangeli, 

2017 
Michen and Graule, 2010 

Rota 
Wheel-like shape 

70-75 nm 
8.0 (isoelectric 

point). 

4-20°C. 

pH > 3 
Low humidity 

UV-resistant 

pH < 3 

34-185 d (T90) 

-0.0342 (± 0.0131) d-1  

29 d (T90) 
0.0055, 0.0036 log10 d

-1  

-0.0054 log d-1 

185 d (T90) 

 

Sidhu et al., 2015 

Weiss and Clark, 1985 
D’Souza et al., 2008 

Toze et al., 2010 

Page et al., 2010 
Michen and Graule, 2010 

Sidhu et al., 2010 

Aichi 
Star-shaped 

~ 30 nm 
 2 < pH < 10    

Sabin et al., 2016 

Kitajima and Gerba, 2015 

Polyoma 
Spherical-icosahedral 

40-50 nm 
 T < 70°C 

T ≥ 70°C 

pH ≤ 3 
  Nims and Plavsic, 2013 

Parvo 
Round-icosahedral 

23-28 nm 
 

T ~ 37°C. 

Resistant to heat, 
cold and solvents. 

T > 50°C   Carter, 2002 

Corona 
Envelope 

~100 nm 
Spike proteins Low T 

High T 

Disinfectants 
1 log10 d

-1 

0.1-2.0 

(treatment 
plants) 

La Rosa et al., 2020 
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2.3. Suitable microbial indicators 
The variability in responses from the wide range of microbial pathogens motivates the need for 

observing a selected pool of microorganisms. Given the impossibility to analyze all of them, it is 

frequent to use “indicator microorganisms” (e.g., fecal bacterial and viral indicators, Clostridium 

spores) or index pathogens (Salmonella, Cryptosporidium oocysts, enterovirus/adenoviruses) (WHO, 

2011). However, the concentrations of some commonly used reference index pathogens both bacteria 

and viruses, vary widely in wastewater and reclaimed water based on disease epidemiology, reducing 

their reliability to asses process hygienization performances (Gerba et al., 2017; Tandoi et al., 2012). 

Additionally, a single index or indicator, either virus, bacteria or protozoa cannot provide 

information on the fate of all the pathogens spread by water. Thus, the use of arrays of microbial 

indicators has been suggested for more reliable monitoring of pathogens fate (Wu et al., 2011). 

Moreover, when applied for the evaluation of treatment processes a worst-case model organism with 

higher resistance to the applied treatment should be selected to avoid the risk of spreading pathogens 

and waterborne diseases. A list of microbial indicators utilized in laboratory, pilot, and field-scale 

studies on pathogen transport and survival in subsoil and aquifer is reported in table 2-2.  

Saccharomyces cerevisiae (ATCC 9763) was used as a model organism for the pathogenic protozoan 

Cryptosporidium parvum as it is non-pathogenic, widely available, and considered an appropriate 

surrogate to represent C. parvum oocyst transportation (Davies et al., 2008). S. cerevisiae can form 

spores that germinate in starving conditions e.g., media with non-fermentable carbon sources 

(Feldmann, 2012), which could lead to false positives in the effluent. However, this means that the 

actual removal of C. parvum in the effluent can be underestimated, and therefore S. cerevisiae was 

considered a worst-case model organism. Given its size, it was assumed that if S. cerevisiae were 

removed, larger parasites such helminth eggs would also be removed at a similar rate in the worst-

case scenario. Clostridium spores, the resistant resting stage of the bacterial species Clostridium, 

were often used as indicators of C. parvum oocysts in water environment and treatment processes for 

their similar long survival capacity in the environments and resistance to treatment processes.  In 

spite, of their smaller size, (i.e. xx mm of spores in comparisons to 6-9 m of C. parvum oocysts) 

Clostridium spores were also utilized as worst-case models of Cryptosporidium transport infiltration 

processes.  

 E. coli is the most common indicator of enterobacteria. E. coli is a gram-negative rod-shaped 

bacterium 2-6 X 1-1.5 m that exhibits longer survival in the environment compared to many other 

pathogenic bacteria and is specifically of faecal origin. E. coli surfaces have been reported to be 

hydrophilic and negatively charged, at typical groundwater pH (6-8), and thus to facilitate the 

transport of these bacteria in soil and aquifer (Foppen and Schijven, 2006; Pachepsky et al., 2014). 

Somatic and F+ specific bacteriophages are used as model organisms for viruses; they are bacteria 

pathogens that do not affect humans, are rapid and easy to cultivate and show a longer survival in the 

resistance in the environment and water treatment processes (US EPA, 2015). More in detail, F+ 

specific bacteriophage MS2 is considered a worst-case model virus due to its low isoelectric point 

and low inactivation, and the ɸX174 is a conservative model of virus transport due to its low 

hydrophobicity and low electrostatic interaction (Schijven et al., 2000). Combined, these two viruses 

can be considered a good model for many viruses for their different properties and therefore different 

transport capacity (Schijven et al., 2000). 

Compared to enteroviruses, somatic and F+ coliphages are approximately the same size as 

enteroviruses, and their movement in soils is similar. However, they can reproduce in the 

environment and lack correlation with all enteroviruses due to their wide range of sizes and 

isoelectric points, producing both false positives and false negatives (Leclerc et al., 2001).  

New viral water quality indicators have been recently proposed based on the human gut 

bacteriophage crAssphage and the plant virus pepper mild mottle virus (PMMoV) (Symonds et al., 
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2018) due to their high abundance in sewage and association to human waste (Crank et al., 2019; 

Dutilh et al., 2014; Symonds et al., 2018). In particular, PMMoV high level in raw wastewater 

(between 10
6
- 10

9
 targets L

-1
) allowed for the evaluation of log reduction in wastewater treatment 

systems; being reduced at similar or lower in respect to enteric viruses PMMoV was proposed as a 

conservative process indicators for enteric viruses (Hamza et al., 2011; Rosario et al., 2009; Schmitz 

et al., 2016; Symonds et al., 2014). The occurrence of PMMoV, was analyzed in groundwater 

collected near managed aquifer recharge sites in the U.S. showing a higher detection frequencies and 

often co-occurrence of the latter with pathogens (Betancourt et al., 2014). Results suggest that 

PMMoV can be used as a conservative surrogate for enteric viruses also in groundwater; however, 

the correlation and co-detection of PMMoV and various pathogens in groundwater remains to be 

determined (Hruby et al., 2015; Symonds et al., 2018). 

 

2.4. Processes affecting the fate of MCCs 
To study the fate of pathogens it is important to bear in mind that (1) the soil is a living organism by 

itself, and (2) a broad range of pathogens, with different properties, may be present in treated 

wastewater or other source waters. The former implies that the soil system will be sensitive to 

external perturbations and its behavior will evolve in time. This may explain the broad range of, 

often contradictory, sets of results reported in the literature. Pathogens' fate is usually characterized 

by two sets of process: retention and inactivation. 

As for colloids in general, the mechanisms that control the retention of microbes in porous media 

include an attachment to and detachment from solid (collector) surfaces and physical entrapment 

(straining) in small pore spaces (Stevik et al., 2004; Torkzaban et al., 2015; Torkzaban and Bradford, 

2016). Regardless of the actual mechanism for quantification and upscaling purposes, identifying the 

retention mechanisms is fundamental. Several factors affect microbial retention, including size and 

accessible surface, hydraulic gradient, pH (which controls surface charge of both microorganisms 

and mineral surfaces), temperature, ionic strength (which affect surface potential, so that both 

increased and reduced retentions have been reported) biofilm. While a unified approach needs to be 

synthesized from the extensive literature on this topic, it is clear that a broad range of surface types 

and chemical states promote retention (Kim et al., 2009; Wang et al., 2014, 2013). 

Pathogens tend to die outside the human body, which provides optimal conditions for their survival. 

The question, therefore, is how long it takes and whether it can be ascertained. Inactivation may 

occur in the liquid phase or, after attachment, in the solid phase. Numerous factors contribute to their 

removal and inactivation. These include pH (in general, acidic conditions facilitate removal), 

temperature (survival has been observed to decrease with increasing temperature), and the presence 

of predators (Bichai et al., 2014, 2010). The conclusion from these studies is that most pathogens die 

off after a few weeks of residence in the soil. However, a few from spores or adopt spore-like forms 

that become inactive under unfavourable conditions but “resuscitate” when these conditions are 

favourable.  Therefore, a better understanding of microbial interactions with the solid phase is critical 

(Sasidharan et al., 2018; Zhu et al., 2017). 
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Table 2-2. Microbial indicators suitable for current applications in MAR systems. 

 

Organism Shape / Size 
Surface 

properties 

Optimal growth 

conditions 

Decay rate 

(test conditions) 
Log-removal 

(filtering material) 
References 

Saccharomyces 

cerevisiae 

Sphere-ovoid 

5-10 µm 
Hydrophobicity 

T range = 30-35 °C 

pH range = 4-6 

DO = 5-15 % 

  
Feldmann, 2012 

Salari and Salari, 2017 

Escherichia coli 
Rod 

0.25-1 µm 

EPS production 

Flagella 

T range = 8-48 °C 

 pH = 7 

T90 = 3.3 (soil; summer) 

T90 = 13.4 (soil; autumn) 
T90 = -0.0178 d

-1
 (soil; 20-30°C) 

T90 = -0.010 d
-1

 (manure amended soil; 4-10°C) 

T90 = -0.0075 d
-1

 (manure amended soil; 9-21°C) 

T90 = 0.1-1.5 d 

0.21-0.29 (sand) 

0.83-3.62 (biochar) 

1.30 (biofilters) 

Kubitschek, 1990 

Darnton et al., 2007 

Xia et al., 2016 
Mubiru et al., 2000 

Sidhu et al., 2015 

van Elsas et al., 2011 

Mohanty et al., 2014 

Y. L. Li et al., 2012 

Enterococci 
Sphere-ovoid 

0.6 -2.5 µm 

EPS production 

Flagella 

T range = 10-45 °C 

pH = 9.6 

T90 = -0.0075 d
-1

 (amended soil; 9-21°C) 

T90 = -0.181 d
-1

 (amended grassland field; summer) 

T90 = -0.025 d
-1

 (amended grassland field; autumn) 
T90 = 1-3 d

-1
 (E. fecalis; MAR sites) 

T90 = 2-35 h
-1

 (sewage inoculated waters) 

1.2-2.4 (E. fecalis; constructed soil) 

Venkatesh et al., 2016 

Lau and Ingham, 2001 

Hodgson et al., 2016 

Sidhu et al., 2015 
Kadam et al., 2008 

Byappanahalli et al., 2012 

Rhodococcus 

erythropolis 

Rod 

1.9-4.8 µm 

EPS production 

Hydrophobicity 
   

Kašpárková et al., 2007 

Urai et al., 2007 

Schreiberová et al., 2012 

Clostridium 

perfrigens 

Rod 

0.8-1.5 µm 
Filaments T= 37°C 

0.0007 ln d
-1

 (sand; 15°C) 

0.0010 ln d
-1

 (sand; 25°C) 

3.20 (biofilters) 

0.8-2.1 (constructed soil) 

Liu et al., 2014 

Hijnen et al., 2009 

Y. L. Li et al., 2012 

Kadam et al., 2008 

MS2 
Icosahedral 

25-30 nm 

Hydrophobic 
protein coating  

Isoelectric point 

= 2.2-3.9. 

pH range = 6-8 

Low salt content 

0.0042 PFU h
-1

 (septic tank effluent; -20°C) 
0.0032-0.0183 PFU h

-1
 (constructed wetland effluent; 37°C- -

80°C) 

0.0058-0.0156 PFU h
-1

 (sand filter effluent; 4°C- -80°C) 

>60 PFU h
-1

 (peat filter effluent; 4°C- -80°C) 

0.37-1.83 (polyamide, polysulphone) 
1.93-3.05 (cellulose acetate, polysulphone) 

3.52-4.40 (cellulose acetate, polyamide) 

5.3 (sand) 

Pan et al., 2012 

Kuzmanovic et al., 2003 
Sasidharan et al., 2016 

Hu et al., 2003 

Aronino et al., 2009 

Feng et al., 2003 

PRD1 
Icosahedral 

~60-65 nm 

Hydrophobic 

protein coating  

Isoelectric point 

= 3.0-4.5. 

T = 37°C 

pH range = 7-8 

0.00-0.12 log10 d
-1

 (groundwaters) 

0.001-0.005 log10 d
-1

 (amended groundwater) 
1.43-2.21 (septic tank drainfields) 

Park et al., 2017  

Sasidharan et al., 2016 

Harvey and Ryan, 2004 

Nicosia et al., 2001 

SONG et al., 2005 

ΦX174 
Icosahedral 

25-27 nm 

Hydrophobic 

protein coating  

Isoelectric point 

= 2.6-6.6 

T = 37°C 
-0.083 d

-1
 (amended clay soil; 23°C) 

-0.023 d
-1

 (amended sandy soil; 23°C) 
0.26 (sand) 

Chrysikopoulos and Syngouna, 
2012 

Sasidharan et al., 2016 

Fongaro et al., 2017 

Aronino et al., 2009 

Dika et al., 2015 

Bull et al., 2000 
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2.4.1. Retention by adsorption 

Absorption refers to the retention of particles by electrostatic forces (actually the set of mechanisms 

is much broader, ranging from diffusion into immobile water pores, to formation of surface 

complexes). Absorption is usually explained using the double, sometimes triple, layer theory, called 

DLVO. Colloid interactions with solid surfaces have been explained using the Derjaguin–Landau–

Verwey–Overbeek (DLVO) theory (Derjaguin and Landau, 1993; Hermansson, 1999). DLVO theory 

states that the interaction energy can be quantified as the sum of van der Waals and electrostatic 

double-layer interactions, which can be either attractive or repulsive. The strength of interaction is 

therefore controlled by various physical and chemical factors such as pH, ionic strength, temperature, 

presence of organic matter, metal oxides, and multivalent-ions like calcium (Foppen et al., 2008; 

Foppen and Schijven, 2006; Furiga et al., 2011; Park and Kim, 2009; Sasidharan et al., 2016; 

Torkzaban et al., 2015). 

 

2.4.2. Retention by straining 
Straining refers to the physical blocking of a particle at small pores and it is often assumed to occur 

at pores smaller than the bacteria size (Matthess and Pekdeger, 1981). This contradicts what is 

known about colloidal straining, where filtration is largely caused by the lumping of particles but, 

anyway, it is hard to falsify. Indeed, in clean porous media with regular grain sizes physicochemical 

filtration, due to interaction between pathogens and media surfaces, is expected as the main process 

of pathogen retention.  

Straining would not be predicted in sediments, even for coarse silt (0.02-0.06 mm grain sizes), with 

regular grain sizes (Stevik et al., 2004).  It can be, instead, expected to strain to serve as an important 

mechanism of pathogen capture, in natural irregular porous media with fine grain size when a 

process such as the continuous capture of colloids on surface or biofilm growth have eventually 

constrict pore throats (Hunt and Johnson, 2017). As straining refers to a purely physical process and 

the most fundamental driving-force for straining is the pore-throat-sizes distributions, it is therefore 

considered to be primarily effective on microorganisms of lager sizes (bacteria and protozoa) in 

comparison to viruses (Symonds et al., 2014). Moreover, the effect of straining is predicted to be 

more relevant in unsaturated flow conditions when transport occurs mainly in the smallest pores and 

instead reduced at high flow rates and in presence of macropores and channeling (Stevik et al., 

2004). 

 

2.4.3. Removal by protistan predation and grazing 

Micro- and meso-faunal grazers, including protozoans and nematodes, exhibit high diversity in soils 

and can exert significant control over microbial biomass, activity, and community structure.  

Protozoan ciliates and flagellates can ingest bacteria via phagocytosis. This process occurs in three 

steps: (1) encounter and cell recognition,(2) engulfment of bacterial prey, and (3) digestion and 

excretion from food vacuoles (Kirchman, 2011). Grazing rates in porous sediments range from 5 to 

73 bacteria per protist per hour. Low grazing values come from experiments with free-living bacteria 

whereas larger values are reported for experiments with both particle-associated and free-living 

bacteria. These results suggest that at least a subset of protozoans in the soil is well adapted to 

grazing on attached microorganisms (Starink et al., 1994). Protistan grazing has been observed to 

affect fecal indicator bacteria in sediment column experiments and beach sands, although this pattern 

is not consistently detected (Feng et al., 2010). Notably, grazing may impact the survival of E. coli 

more than that of the enterococci, because the latter has a thick Gram-positive cell wall that can 

reduce or inhibit digestion by protists (Gonzalez et al., 1990). While grazing by heterotrophic 

nanoflagellates and ciliates have both been reported to decrease fecal indicator abundance in aquatic 
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systems (González et al., 1992; Hartke et al., 2002), heterotrophic nanoflagellates may exert more 

control in sediments, as standing stocks of ciliates in soils tend to be low (Starink et al., 1994). 

Although soil invertebrate macrofauna is diverse, and perform a variety of important ecosystem 

functions (e.g., decomposition, litter transformation, and system ‘engineering’, including 

bioturbation), little is known regarding their role in storm water biofilters  

(Maurya et al., 2020; Rippy, 2015). This said earthworms have been shown to increase microbial 

diversity/activity in sludge biofilters through selective digestion and transformation of large sludge 

particles into bioavailable forms (Zhao et al., 2010). Similarly, bioturbation (and soil oxygenation) 

by tubificid worms has been linked to increased aerobic microbial activity and dissolved organic 

carbon processing in soil columns amended with storm water sediments (Nogaro and Mermillod-

Blondin, 2009). These studies suggest that invertebrate macrofauna, such as worms, have the 

potential to impact microbial communities (including faecal indicator bacteria) in biofilters. Further 

research evaluating the effects of specific macrofaunal groups in stormwater biofilters is warranted 

and is in fact underway as part of a large mesocosm study (Rippy, 2015). 

The stable, moist conditions promoted by the barrier may increase the abundance and mobility of 

protistan grazers. Grazing has been shown to dominate bacterial removal in packed column 

experiments; EC loss was observed in natural sediment (first-order decay rate of 0.9 day
−1

), growth 

was observed in pre-sterilized, irradiated sediments (first-order growth rate of 0.18 day
−1

), and loss 

resumed when microbes (protozoa and bacteria) were reintroduced (first-order decay rate of 0.7 

day
−1

). Notably, removal was lower in amended sediments when reintroduced microbial 

communities were protistan poor (first-order decay rate of 0.56 day
−1

). Elevated microbial cell 

removal has also been observed in mature (>1-year-old) filter columns, and has been attributed to 

elevated protist abundance (10-fold higher than in fresh media) (Bomo et al., 2004; Rippy, 2015). 

Importantly, while the barrier may promote the proliferation of native soil protozoa, the same is not 

expected for parasitic protozoan pathogens (e.g., Giardia and Cryptosporidium), which have complex 

life cycles and require a host to replicate. 

 

2.4.4. Antagonistic intra-microbial interactions 
Microbial competition is frequently viewed through the resource ratio model of competition, 

whereby nutrient availability, demand, and relative consumption rates act in consort to determine the 

predominance of different microbial taxa. This framework, however, fails to take into account how 

bacteria ‘manipulate the odds’ (e.g., secretion of antibiotics, quorum sensing molecules, or quorum 

blockers), and shift the competitive balance in their favour (Ren et al., 2014; Salehiziri et al., 2020). 

The competition that involves direct, antagonistic interactions between individual bacterial cells or 

groups of cells is considered contest competition, whereas efficient uptake of limiting resources in 

the absence of cell to cell interactions is called scramble competition (Parker et al., 2017; Rippy, 

2015). Different microbial functional groups in soils (e.g., aerobic or anaerobic heterotrophs, 

nitrifiers, denitrifiers, sulfate reducers, and others) frequently compete via scramble competition. For 

instance, aerobic heterotrophs have been shown to outcompete nitrifiers in freshwater sediments with 

high C: N ratios, due to the rapid assimilation of ammonium (Ren et al., 2014). 

Less is known about contest competition between functional groups in soils, although some aerobic 

heterotrophs can produce quorum blocking substances that disrupt virulence expression or biofilm 

formation in other rhizosphere aerobes. Although the competition amongst native microorganisms 

(and native microorganisms and faecal indicator bacteria) has been observed in natural sediment 

systems, the nature and magnitude of these interactions vary, and the specific mechanisms involved 

remain an important topic of research. 

It should be emphasized that, to date, assessment of fecal indicator bacteria–microbe interactions in 

is rare and that the effects of microbe diversity in augmenting or ameliorating fecal indicator 
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bacteria–microbe competition is poorly understood. Even functional group activity (e.g., 

denitrification) is frequently inferred rather than quantified directly (Peng et al., 2016). 

Microbiome formation and evolution in response to wastewater inputs are also understudied. 

However, there is some evidence that stormwater may increase bacterial abundance, biogeochemical 

activity (e.g., respiration, nitrification, and denitrification rates), metabolic diversity, and/or 

community structure, all of which have the potential to impact faecal indicator bacteria –microbe 

interactions (Rippy, 2015). Given how little is known about intramicrobial interactions, all 

subsequent discussion of competition amongst biofilter microorganisms will be general, with 

functional groups or competition types.  

 

2.4.5. Biofilm formation 

Moisture and organic carbon availability can fuel biofilm development in soils and sediments. To 

date, the species composition and organization of biofilm bacteria in reactive barriers are unknown. 

Research on bioclogging suggests that extensive biofilms will preferentially develop in nutrient-rich 

sediment pore spaces or those with increased water flow, which favors nutrient resupply. Discrete 

(single colony) biofilms are expected in narrow pore throats or at grain junctions. Because saturated 

sediments contain carbon amendments (that further enhance moisture content), biofilm formation 

may be relevant at the barrier, as found in biofilters (Vergine et al., 2020). Biofilm growth in porous 

media may promote bacterial removal by straining or physicochemical interactions (e.g., altering 

grain surface roughness, hydrophobicity, or electrostatic charge) (Zhong et al., 2017). Notably, the 

effects of biofilm on indicator bacteria removal may depend on the microbes composing the biofilm 

and/or the bacteria involved (Douterelo et al., 2016). Careful evaluation of biofilms in biofilters is 

warranted moving forward, as biofilms have the potential to influence indicator bacteria in 

contradictory ways. In some cases, fecal indicator bacteria can be incorporated promoting their 

survival, in others, the removal of MCCs can be promoted via capture and mortality.  

 

2.4.6. Interactions with vegetation 

Vegetation–microbe interactions play an important role in the abundance, diversity, and activity of 

microorganisms in soil systems. Plant root characteristics can affect soil moisture content (a limiting 

factor for microbial activity in unsaturated soils) and hydraulic residence time (which may impact the 

capture/ survival of particulate contaminants) (Rippy, 2015). 

Roots also release oxygen, amino acids, and sugars that can stimulate aerobic metabolic processes in 

rhizosphere bacteria. However, plants also compete directly with microorganisms for nutrients such 

as nitrate or ammonia. Indeed, plant community nitrogen preferences have been shown to alter rates 

of nitrification and denitrification by soil bacteria (and vice versa).  

The removal of fecal indicator bacteria has been evaluated in biofilters containing a variety of plant 

morphotypes (grasses and sedges, climbing/scrambling dicots, and shrubs or trees) (Rippy, 2015). 

While some studies report higher removal efficiencies in unplanted biofilters, others suggest that 

certain plants increase removal efficiency. For instance, the shrubs Melaleuca incana and 

Leptospermum continental have been shown to facilitate higher Fecal Indicator Bacteria removal 

than the sedge Carex apressa, an industry-standard in Australia due (primarily) to its efficient 

nutrient removal. In some instances, high FIB removal has also been reported for biofilters planted 

with grasses, including Stenataphrum secundatum and Buchloe dactyloides. Notably, S. secundatum 

exhibited high nutrient removal in addition to FIB removal (Rippy, 2015).  

Because Submerged Zone retains/store water, they may provide a buffer for biofilter vegetation 

during dry periods and increase plant growth rates or biomass, traits that are positively correlated 

with contaminant removal. Although few studies have evaluated the effects of vegetation type on 

FIB removal in biofilters, a recent work suggested that the barrier can significantly increase FIB 



        MARadentro – Water JPI 2018 Joint Call  

 

25 

 

removal performance across many vegetation types (sedges, grasses, and shrubs) (Chandrasena et al., 

2014). This said the degree to which the barrier may enhance FIB removal varies and is reported to 

be higher (up to 10-fold) in treatments planted with Melaluca incana, Leptospermum continentale, 

Dianella tasmanica, Stenataphrum secundatum, and Poa labillardieri than those planted with Carex 

appressa or Sporobolus virginicus (Chandrasena et al., 2014). The importance of soil–vegetation 

interactions for FIB removal may be higher in regions that frequently experience dry periods. While 

organic-rich layers may not prevent declines in biofilter performance during dry weather, they do 

appear to promote rapid (and more complete) recovery, especially in systems planted with shrubs 

(Rippy, 2015).  

3. Fate of Chemicals of Emerging Concern (CECs) in MAR and reactive 
barriers 
 

3.1. CECs in MAR systems 
Organic chemicals of emerging concern such as pharmaceuticals, personal care products, detergents, 

nanoparticles, continue to be introduced in the environment and impact human and aquatic 

ecosystems. It has been demonstrated that, even after extensive treatment, CECs remain in the treated 

water (Kinney et al., 2006). The past consensus with these chemicals is that they do not pose much 

danger for human and environmental health since they occur at low concentrations, and in the case of 

pharmaceuticals, far below therapeutic doses used for humans (Boxall et al., 2006; Wu et al., 2013; 

Zimmermann and Curtis, 2017). However, this notion has been misplaced by the evidence that sub-

therapeutic concentrations of certain pharmaceuticals can impact microbial, plant, and insect life 

(Pennington et al., 2018, 2017; Wang and Gunsch, 2011). Therefore, the concentrations of CECs 

found in reclaimed water can be at biologically relevant concentrations or can be raised to that level 

in the co-occurrence with other chemicals that can increase their potency. 

CECs may interact with microbes (in the barriers materials) directly by stimulating or inhibiting their 

growth, thus impacting their ability to colonize or infect a host. CECs may alter microbial population 

equilibrium by promoting some, while inhibiting others and can thereby increase pathogen 

populations by reducing their competitors or antagonist in the soil (De Vries-Hospers et al., 1991; 

Mulligan et al., 1982). 

According to the literature available, CECs have been observed to exhibit growth-promoting effects 

on microbes (Carvalho et al., 2010; Zimmermann and Curtis, 2017), while growth inhibition by these 

chemicals typically occurs at higher concentrations (Argyropoulou et al., 2009; Hussein and AL-

Janabi, 2010; Koch and Burchall, 1971). 

Acetaminophen (APAP), trimethoprim (TMP), sulfamethoxazole (SMX), and gemfibrozil (GEM) 

are pharmaceuticals commonly found in recycled wastewater. APAP is an antipyretic pain killer that 

has been observed to have antimicrobial properties at concentrations above therapeutic use 

(Zimmermann and Curtis, 2017), and observed to have growth-promoting effects on microorganism 

at therapeutic concentrations (Carvalho et al., 2010). TMP and SMX are antibiotics that exhibit 

antimicrobial effects (Hida et al., 2005; Tunalı et al., 2012). GEM is used to treat high blood pressure 

but has been observed to increase the antimicrobial potency of some pharmaceuticals (Bulatova and 

Darwish, 2008; Rudin et al., 1992). These four CECs are found typically in WWTP effluents (Batt et 

al., 2007; Kinney et al., 2006; Wu et al., 2015) as they are poorly removed by current wastewater 

treatments. 
 

A recent study showed that selected CECs present in reclaimed wastewater are capable of interact 

with microbial communities of the soils promoting or inhibiting selectively different microorganisms 
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(McLain and Gachomo, 2019). To this end, they performed several exposure experiments. The 

concentrations used mimicked the range of concentrations of the respective CECs that have been 

found in the final effluent of wastewater treatment plants or soils irrigated with reclaimed water (Batt 

et al., 2007; Díaz-Cruz and Barceló, 2008; Fram and Belitz, 2011; Stackelberg et al., 2007). 

Concentrations of CECs used for all assays in this study. Two levels, high concentration, and low 

concentration:  

 

- Acetaminophen (APAP) 10 μg/ and L 5 μg/L 

- Trimethoprim (TMP) 2.5 μg/L and 1 μg/L 

- Sulfamethoxazole (SMX) 2 μg/L and 1 μg/L 

- Gemfibrozil (GEM) 10 μg/L and 2 μg/L 

 

Selected organisms (7): 

 

- Two Verticillium dahlia strains (0048 and 0049), to assess the impacts of CECs on closely 

related organisms 

o Verticillium dahliae has a large host range consisting of more than 350 plant species; 

however, all are tap-rooted plants with no grass hosts.  Besides, the pathogen is 

soilborne and survives in soil or plant residue as microsclerotia, which allows survival 

of the fungus for several years without a host (Strausbaugh et al., 2016). The 

microscleotia typically remains dormant until being stimulated by host root exudates, 

resulting in germination. Germinating microsclerotia produce hyphae that infect roots 

and then invade the plant's water-conducting system, causing a vascular wilt disease 

(Markell et al., 2015). As the disease progresses, the fungus can further colonize and 

develop and serve as a primary source of later infection. 

o Verticillium dahliae, a highly polyphagous fungus, has been reported on tomato in 

many countries in temperate and sub-tropical zones. It affects hundreds of herbaceous 

and woody host plants, including several others in the Solanaceae: tobacco, potatoes, 

peppers, and especially the eggplant, which is particularly sensitive. On tomato, its 

impact was significant in the past but is now no longer so in countries where resistant 

varieties are used. 

 

- Two Fusarium oxysporum lycopersici strains (CS-3 and CS-5), to assess the impacts of CECs 

on closely related organisms. 

o Fusarium oxysporum f.sp. lycopersici is a fungal plant pathogen. It is a big pathogen to 

the tomato plant.  

o It has been spread to tomato seeds by the hands of contaminated workers. The seeds of 

infected plants may be infected as well. 

- Phytophthora capsici 

o  Phytophthora capsici is an oomycete plant pathogen that causes blight and fruit rot of 

peppers and other important commercial crops (bean, pepper, eggplant, tomato, 

watermelon, cucumber, etc). 

- Piriformospora indica 

o P. indica. Unlike mycorrhizal fungi, which cannot be cultured axenically, P. indica can 

be easily grown on various substrates. It has been found to promote plant growth 



        MARadentro – Water JPI 2018 Joint Call  

 

27 

 

during its mutualistic symbiotic relationship with a wide variety of plants (Verma et 

al., 1998). Experiments have shown that P. indica increases the resistance of colonized 

plants against fungal pathogens (Serfling et al., 2007). It has also been found in 

experiments with barley that P. indica-inoculated plants are tolerant to salt stress and 

more resistant to root pathogens. P. indica-infested roots also show antioxidant 

capacity. The fungus also induces systemic disease resistance in plants (Waller et al., 

2005). P. indica was found to require host cell death for proliferation during 

mutualistic symbiosis in barley (Deshmukh et al., 2006). 

- Bradyrhizobium japonicum IRAT FA3 

o Bradyrhizobium japonicum is a species of legume-root nodulating, microsymbiotic 

nitrogen-fixing bacteria. The species is one of many Gram-negative, rod-shaped 

bacteria commonly referred to as rhizobia (Board, 2013). 

o B. japonicum is added to legume seed to improve crop yields, particularly in areas 

where the bacterium is not native. 

o A strain of B. japonicum, USDA110, has been in use as a model organism since 1957 

(Board, 2013). It is widely used to study molecular genetics, plant physiology, and 

plant ecology due to its relatively superior symbiotic nitrogen-fixation activity with 

soybean (i.e. compared to other rhizobia species). 

o B. japonicum possesses the nosRZDFYLX gene, which aides in denitrification and has 

two catalytic subunits - Cu-a and Cu-z (with several histidine residues). It manages an 

expression cascade that can sense oxygen gradients, termed 'FixJ-FixK2-FixK1.' FixJ 

positively regulates FixK2, which activates nitrogen respiration genes, as well as 

FixK1. FixK1 mutants are unable to respire from nitrogen due to a defective catalytic 

copper subunit (Cu-z) in nosRZDFYLX (Nellen-Anthamatten et al., 1998).  

 

The results undoubtedly showed that specific effects of the CECs varied among the organisms and 

nearly all the microbes tested were sensitive to the selected CECs used in this study. Even strains of 

the same fungus responded differently to the same CEC. 

It is reported that CECs have growth-promoting effects on two fungi, V. dahliae 0048 and F. 

oxysporum CS-3. In contrast, other strains of the same fungi V. dahliae 0049 and F. oxysporum CS-5 

had nearly an exact opposite trend in which the CECs either had no effect or were inhibitory to 

mycelial growth. Moreover, the results of this study agreed with those of another work showing that 

closely related fungi can respond differently to some CECs, in particular, SMX (Hida et al., 2005). 

P. indica was only affected by two CECs in opposing ways at two separate time points, while the 

growth of the bacterium B. japonicum was not affected by any CEC. 

 

Besides, CECs have been shown to disrupt the functions of soilborne nitrogen cycling bacteria when 

tested at concentrations levels found in WWTPs effluent (Wang and Gunsch, 2011). 

These results evidence that many plant or soil associated organisms may be sensitive to CECs at the 

concentrations found in reclaimed water, which potentially can have a paramount effect on the 

microbial communities developed in the infiltration systems by the components of the reactive layers 

in rbMAR. Removals of 80–90% were reported for the antibiotic SMX and the analgesic diclofenac 

in BF studies (Schmidt et al., 2007; Wiese et al., 2011). However, some CECs such as the anti-

corrosion agent benzotriazole or the anti-epileptic carbamazepine are not fully removed during BF 

(Heberer et al., 2004; Reemtsma et al., 2010). 

Diclofenac and other CECs such as caffeine, ibuprofen, ketoprofen, naproxen, and gemfibrozil were 

efficiently removed during SAT within retention times of less than six months (Drewes et al., 2003). 

Bertelkamp et al. (2014) investigated the sorption and biodegradation behaviour of 14 CECs in soil 
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columns under oxic conditions and found that the presence of ethers and carbonyl groups increase 

biodegradability while amines and ring structures, aliphatic ethers, and sulphur impede degradation. 

Besides the molecule structure, redox conditions determine the removals of some CECs. SMX was 

found in field studies to be better degraded under anoxic conditions (Grünheid et al., 2005; Schmidt 

et al., 2007). Diclofenac and 4-formylaminoantipyrine (a metamizole -a painkiller, spasm and fever 

reliever), and like ibuprofen, anti-inflammatory effects-metabolite) were reported to be better 

degraded under oxic conditions (Burke et al., 2014; Wiese et al., 2011). 

The specific redox conditions are mainly determined by microbial processes (Massmann et al., 

2007). Dissolved oxygen in the aquifer can be quickly consumed in the presence of assimilable 

dissolved and particulate organic carbon (DOC and POC). Depending on the temperature and water 

composition, the depletion of dissolved oxygen might lead to anoxic conditions in sediments within 

short hydraulic retention times. The degradation of organic compounds can have a significant impact 

on redox-conditions in the subsoil. Furthermore, POC and DOC can be competitive substrates for 

CECs removal (Drewes et al., 2014). 

To test the potential impacts of accumulated particulate organic matter on oxygen consumption and 

CECs removal in BF and SAT a battery of experiments were performed at laboratory level (Filter et 

al., 2017). In the column-BF and column-SAT systems, non-chlorinated Berlin tap water originating 

from BF was used as the influent water. 

The antibiotic SMX, the UV-blocker and anticorrosive agent benzotriazole, the analgesic 

formylaminoantipyrine (metamizole), the anti-inflammatory diclofenac, and the two antiepileptics 

gabapentin and carbamazepine, were added to the tap water to adjust influent CECs concentrations of 

1 μgL
-1

 (spike level). Concerning the results, it is important to understand that the observed 

eliminations of the selected CECs do not necessarily reflect biodegradability since metabolites were 

not analyzed in this study and sorption effects could not be considered. 

SMX was almost completely degraded under reducing conditions (independent of oxygen 

concentration and Fe and Mn release). This also indicated that very short distances and residence 

times were sufficient for the elimination of SMX. This result is in line with the work of Baumgarten 

et al. (2011), which reported that SMX degrades under both oxic and anoxic conditions. This was 

expected as SMX has been selected as a model compound of efficiently removed CEC in subsurface 

treatments (Jekel et al., 2015). 

Formylaminoantipyrine (metamizole) was eliminated by 85% in the SAT column. Differences in the 

microbial composition might be responsible for the observed differences between cores. More than 

90% of the diclofenac was degraded in SAT. However, for this CEC, the influence of low oxygen 

concentration and presence of high POC and DOC accumulation, which were degraded by less 

specific microorganisms, caused decreased removal. Diverse behaviors have been reported for 

benzotriazole, with removals ranging from 75–90% in BF (Reemtsma et al., 2010), and only poor 

removals in column experiments with lake sediments (Burke et al., 2014). In the present study, no 

remarkable eliminations of benzotriazole were observed in the different column experiments. Likely, 

the retention times were too short to achieve substantial removals. 

Although a degradation of carbamazepine was observed in the presence of high POC contents 

(Banzhaf et al., 2012) and Fe reducing conditions (Schmidt et al., 2007), carbamazepine was often 

found to be persistent (Bertelkamp et al., 2016b; Burke et al., 2014; König et al., 2016). Accordingly, 

carbamazepine was proposed as an indicator compound for anthropogenic influence in the water 

cycle (Jekel et al., 2015). No carbamazepine removal was observed in the different column 

experiments performed. 

The organic UV filter octocrylene (OC) is a sunscreen widely used in sun-protection products and 

other personal care and hygiene products. Many studies demonstrated its ubiquitous occurrence in 

the environment, from surface water to dolphins. Toxicity assays have suggested that OC potentially 
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affects the transcription of genes in the zebrafish’s brain and liver. In the end, all these studies claim 

that new strategies in wastewater treatment are needed to help degrade such contaminant.  

Since OC and other UV filters accumulate in nature, the identification of OC degrading 

microorganisms is desirable. So far, only one very recent study  explored the potential degradation 

and biotransformation of OC by microorganisms (Suleiman et al., 2019).  

The microbial community of the OC-colonizing enrichment culture consisted of four genera, and the 

distinct bands of the DGGE were obtained and assigned to the bacterial genera Gordonia (100% 

identity), Mycobacterium (100% identity), and Hydrogenophaga (99% identity) after excision of the 

respective bands and sequencing. Interestingly, Mycobacterium and Gordonia species have been 

reported to be associated with degradation of polycyclic aromatic hydrocarbons (PAHs), such as 

pyrene, and were proposed for application in environmental bioremediation (Zeng et al., 2010). Both 

species have been already described to attach to different surfaces that are composed of biomaterials 

and synthetic compounds initiating the synthesis of an extracellular matrix required for biofilm 

formation (Hennessee et al., 2009; Hennessee and Li, 2016). Since carbon sources can influence 

biofilm formation (Hennessee and Li, 2016), different concentrations of glucose and glycerol in the 

growth medium were tested. Remarkably, while reduction of carbon sources had no positive 

influence on biofilm formation of G. cholesterolivorans, M. agri showed fast and massive biofilm 

formation when carbon sources were significantly reduced (0.05% glucose, 0.05% glycerol). 

Interestingly, in the absence of external carbon sources, no biofilms were formed at all, indicating the 

necessity of small amounts of accessible energy sources to colonize the OC droplet. 

The exposure experiments assessing the transformation of OC by M. agri and G. cholesterolivorans 

revealed that after 10 days of exposure, M. agri, was able to decrease the concentration of OC from 

3536 mgL
-1

 (controls) to a final concentration of 2861 mgL
-1

, representing a decrease of 19.1% OC. 

Therefore, M. agri or specific microbial consortia could be investigated and applied for the 

degradation of CECs similar to OC. 

These results suggest that M. agri could be a potential candidate for bioremediation since it belongs 

to the rapidly growing Mycobacteria and can be found ubiquitously in soil and water systems 

(Esteban and García-Coca, 2018; Zeng et al., 2010). A further step will involve the identification of 

the metabolic degradation pathway for OC, (and other contaminants) as well as the enzymes 

involved in these processes. Therefore, these works highlight the potential of heterotrophic 

microorganisms to transform OC in laboratory conditions. Nevertheless, due to the ubiquity of M. 

agri in the environment, M. agri will also be able to transform the OC and maybe other CECs in 

nature.  

 

Investigations have shown that using a reactive barrier succeeds in releasing DOC and thus in 

increasing the removal of the contaminants investigated (Valhondo et al., 2014). The increase in 

removal may be caused in part by sorption or biodegradation under the various redox conditions 

supported by the released DOC (Schaffer et al., 2015). A barrier made of equal volumetric 

proportions of coarse sand and gravel, and vegetable compost from gardens and wood, supplemented 

with clay was used in the examination. Vegetable compost and wood served as suppliers of organic 

sorption sites and for the derivation of easily degradable organic carbon (Valhondo et al., 2014). 

Various processes influence the fate of CECs in MAR, ranging from a delayed spread to complete 

degradation (up to mineralization) of the substance. These processes depend to a greater or lesser 

extent on the chemical structure and physicochemical properties of the CECs (lipophilicity, 

solubility, acid/base nature, etc.), the local conditions, such as materials used, organic content, pH 

value, microbial communities and, in some cases, are not yet fully reproducible. In the following, 

some processes and characteristics that play an important role in the whereabouts of the CECs are 

summarized. 
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3.2. Sorption processes 
Sorption is the term used to describe all processes in which a substance accumulates within a phase 

(absorption) or at the interface between two phases (adsorption). The substance that is sorbed is 

called sorbate and the substance that sorbs is called sorbent. Sorption is a key process when it comes 

to the fate of CECs, as it leads to retardation in the spread of pollutants. The extent of sorption 

partitioning (𝐾𝑑) is defined as the distribution of an organic compound between the solid and the 

aqueous phase. This distribution depends on the affinity of the EOC for organic phases (hydrophobic 

partitioning) or by electrostatic and similar interactions between ionized molecules and charged solid 

surfaces (non-hydrophobic partitioning) (Franco et al., 2009; Torresi et al., 2017). At equilibrium, 

sorption and desorption rates are the same. Then, the ratio of the sorbed concentrations 𝐶𝑠
∗ -mass per 

unit of mass of solids [𝑀𝑀−1]- and dissolved 𝐶𝑤
∗  –mass per volume of water [𝑀𝐿−3]- species is 

characterized by the solid-liquid partitioning coefficient, 𝐾𝑑 = 𝐶𝑠
∗/𝐶𝑤

∗ .  𝐾𝑑 [L
3
M

-1
] is an apparent 

sorption coefficient, being the sum of different species-specific partitioning coefficients, as well as, 

all the sorption processes occurring in the subsurface (Franco et al., 2009). The main sorption 

processes are:  

 

1. Sorption associated with the natural organic matter present in the soil, by means of 

absortion of hydrophobic compounds. 

2. Sorption of neutral organic chemicals to polar mineral surfaces by van der Waals energies, 

induced dipole: dipole or H-bond. 

3. Sorption of ionic organic chemicals to ionic surfaces, towards positions of opposite charge 

on the solid surface (both mineral and organic surfaces) (also called surface complexation). 

4. Sorption of ionic organic compounds to solids by ion exchangeable mechanisms. 

If we consider all the mechanism, Schwarzenbach et al. (2002) define 𝐾𝑑 expression as: 

 

𝐾𝑑 =
𝐶𝑜𝑚𝑓𝑜𝑚+Cmin𝐴 +𝐶𝑖𝑒𝜎𝑖𝑒𝐴+𝐶𝑟𝑥𝑛𝜎𝑟𝑥𝑛𝐴

𝐶𝑤,𝑛𝑒𝑢𝑡+𝐶𝑤,𝑖𝑜𝑛
        (1) 

 

𝐶𝑜𝑚 is the concentration of organic compound sorbed into organic matter, 

 𝐶𝑜𝑚 is the concentration of neutral organic compound sorbed into mineral surfaces, 

𝐶𝑖𝑒 is the concentration of ionic organic compound sorbed into ionic surfaces, 

𝐶𝑟𝑥𝑛 is the concentration of ionic organic compound sorbed into ionic surfaces by exchangeable 

mechanisms, 

𝐶𝑤,𝑛𝑒𝑢𝑡 is the concentration of neutral organic compound dissolved in water, 

𝐶𝑤,𝑖𝑜𝑛 is the concentration of ionic organic compound dissolved in water, 

𝑓𝑜𝑚 is the fraction or organic matter in the soil, 

𝐴 is the are of mineral surface per mass of solid, 

𝜎𝑖𝑒 is the net concentration of suitably charged sites on the solid surface, 

𝜎𝑟𝑥𝑛 is the concentration of reactive sites on the solid surface.  

 

3.2.1. Sorption of neutral organic compounds versus the ionic ones: the role of pH 
and 𝑲𝒐𝒘 
As a general rule, neutral organic compounds have a quite limited water solubility, mainly because 

water molecules change their overall H-bonding to their surroundings when forced to interact with 

nonpolar compounds. On the other hand, organic matter minimizes the hydrophobic surface area, 

because it exists in large part as organic chains coiled into globular units, much like globular 
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proteins, and occurs in somewhat isolated patches coating mineral solids. Consequently, neutral 

organic compounds can physically penetrate between the chains and find themselves “dissolved” in 

the non-aqueous medium (Schwarzenbach et al., 2002). This type of sorption of neutral compounds 

is termed “absorption”, and it is mainly related to the partitioning between the organic matter and 

water (𝐾𝑜𝑐, [L
3
M

-1
], tabulated in many chemical databases), and to the amount of organic matter (𝑓𝑜𝑐, 

[-]). Then, sorption partitioning is given as:  

 

𝐾𝑑 = 𝐾𝑜𝑐 · 𝑓𝑜𝑐        (2) 

 

If 𝐾𝑜𝑐 is defined as the partioning between the equilibrium concentration of compound sorbed into 

organic matter and the equilibrium concentration in water (𝐾𝑑 = 𝐶𝑜𝑚/𝐶𝑤). Thus, (2) is a 

simplification of (1), only assuming one process and no ionic interactions. When an organic 

compound includes ionized structural components (−𝐶𝑂𝑂−, −𝑁𝐻3
+, −𝑆𝑂3

−, …), a variety of 

processes become significant for sorption: (1) the electrostatic interactions with charged sites on the 

sorbent, and (2) exchange reactions with ligands previously bound to the solid. Note that the extent 

of solid association of ionic compounds also varies as a function of external factors like the pH of the 

solution, since pH governs both the presence of charges on mineral surfaces and the fraction of 

organic compound present in ionized form (through 𝑝𝐾𝑎) (Franco et al., 2009; Schaffer et al., 2015). 

In fact, the fraction of the neutral compound (𝛼𝑛𝑒𝑢𝑡) is a function of pH (Schwarzenbach et al., 

2002), and is defined by: 

 

𝛼𝑛𝑒𝑢𝑡 =
1

1+𝐾𝑎/[𝐻+]
 ,      (3a) 

while, similarly, the fraction of the ionic compound (𝛼𝑖𝑜𝑛) is given by  

𝛼𝑖𝑜𝑛 =
𝐾𝑎

[𝐻+]+𝐾𝑎
 .      (3b) 

The 𝑝𝐾𝑎 (−𝑙𝑜𝑔𝐾𝑎) and the different ionic molecular forms can be extracted from Chemicalize, 

httpps://chemicalize.com/ developed by ChemAxon (http://www.chemaxon.com). If the two types of 

molecules are present in the solution the 𝐾𝑑 will be the sum of the 𝐾𝑑,𝑛𝑒𝑢𝑡 and the 𝐾𝑑,𝑖𝑜𝑛, or (if we 

imagine a ionic organic compound “A” and only the sorption of organic matter): 

 

 𝐾𝑑,𝑡𝑜𝑡 =
[(𝐾𝑜𝑚,𝐴+𝐾𝑜𝑚,𝐴−)𝐾𝑎/[𝐻+]] 𝑓𝑜𝑚   

1+𝐾𝑎/[𝐻+]
       (4) 

The 𝐾𝑜𝑚 is component dependent and is related to the 𝐾𝑜𝑤 (Schwarzenbach et al., 2002), with a 

general expression of 𝑙𝑜𝑔𝐾𝑜𝑚 = 𝐴 𝑙𝑜𝑔𝐷 + 𝐵, where A and B are empirical parameters for non-

hydrophobic componds with values of 0.52 and 1.02 (Sabljić et al., 1995), respectively. The 

corresponding logD for alkaline or acidic compounds can be calculated from log 𝐾𝑜𝑤 and the acidity 

constant pKa for every pH level (Scherrer and Howard, 1977): 

 

𝑙𝑜𝑔𝐷 = log 𝐾𝑜𝑤 + log (
1

1+10𝑝𝐻−𝑝𝐾𝑎
)     (5) 

 

Solution ionic strength and ionic composition also affect the sorption of charged organic chemicals, 

especially if inorganic and organic ions compete for the binding sites. The mineral surface 

composition of the sorbent is also key; for example, oxides and hydroxides - like quartz or goethite 

http://www.chemaxon.com/
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mineral surfaces - present ionic radicals in their surfaces. Besides this, the age of organic matter also 

plays an important role in sorption properties, implying a distributed reactivity and increasing the 

heterogeneity of the environment (Kleineidam et al., 2002; Weber et al., 1992). 

Traditionally, in natural environments, sorption of organic compounds is characterized by only 

regarding the properties of the compounds (𝐾𝑜𝑐), and a somewhat static sorption environment, 

considering only the fraction of organic carbon (𝑓𝑜𝑐), leading to an individual 𝐾𝑑 value if equilibrium 

conditions are assumed. Then, when sorption is introduced in the advection-dispersion equation, the 

storage term becomes multiplied by a constant retardation factor (R [-]) given by: 

 

𝑅 = 1 +
𝜌

𝑛
𝐾𝑑,       (6) 

 

where  𝜌 [ML-3] denotes the bulk density and 𝑛 [-] the effective porosity of the soil. Although, most 

of the reviewed literature considers this simple model (Burke et al., 2013; Henzler et al., 2014; 

Schaffer et al., 2015), the assumption of constant 𝑅 is only realistic when the environment is static, 

meaning the simultaneous verification of three conditions: 1) no changes in hydrochemistry (constant 

pH and ionic strength); 2) the organic compounds being always neutral; and 3) the amount and the 

properties of sorbent being kept constant. As an example, all three conditions are met is a sterile 

environment (Burke et al., 2013).  

In general, sorption is a more dominant process is the compounds have a hydrophobic behavior (log-

𝐾𝑜𝑤 > 4 and low solubility), with tendency to bioaccumulation and high sorption capacity. Examples 

of these could be β-blockers (e.g. propranolol), and a few pharmaceuticals (ketoprofen) or illicit 

drugs (THC). On the other hand, substances with log-𝐾𝑜𝑤 < 4 (most pharmaceuticals and drugs of 

abuse) present a hydrophilic behavior, consequently being more frequently detected in groundwater. 

Indeed some pharmaceuticals and, in particular, carbamazepine, have been used as anthropogenic 

markers in the aquatic environment. An example of riverbank filtration analysis, Henzler et al. 

(2014) emphasized adsorption as a key process influencing transport of a number of CECs, mostly 

MTBE and carbamazepine. Ying et al. (2004) found strong adsorption of beta-stradiol to the local 

aquifer material under aerobic conditions.  

Different models of adsorption have been used to model observations regarding different 

pharmaceuticals in aquifers, going from linear to non-linear. Examples of the latter involve the use of 

a Langmuir isotherm to model the adsorption of ibrupofen in volcanic soils (Estevez et al., 2014) and 

of a Freundlich one for octylphenol and triclosan in a number of different soils (Yu et al., 2013). An 

example of complexation influencing transport of CECs has been reported by Chen et al. (2013), 

who studied the effect of complexation of the antibiotic ciprofloxacin with Fe/Al oxides/hydroxides.  
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Figure 3-1. 𝑝𝐾𝑎 of a list of 82 compounds 
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Figure 3-2. 𝑙𝑜𝑔𝐾𝑜𝑤 of a list of 82 compounds 

 

 

3.2.2. Influence of sorbent: organic matter/biomass/mineral sediments for CECs 
sorption 
Natural organic material plays an important role as sorbent for nonpolar organic chemicals because 

they offer a relatively nonpolar environment into which hydrophobic organic compounds may 

abscond (Schwarzenbach et al., 2002). Investigations have shown that sorption can be increased due 

to additional organic compounds, like compost (Rauch-Williams et al., 2010; Valhondo et al., 2018) 

or palm leaves (Grau et al., 2017). If this external adding of organic matter occurs, it can be assumed 

that biodegradation will also be improved by the longer residence time due to sorption. In addition, 

organic material can serve as a source of DOC and thus maintain suitable conditions for the 

colonization of bacteria necessary for the degradation of contaminants. The degradation pattern of 

the investigated CECs described in a study underlines the role of organic matter as a supplier of DOC 

(Valhondo et al., 2018). 

Besides the sedimentary organic matter, biomass can also act as a sorbent of organic compounds 

(Torresi et al., 2017). The sorption of organic compounds into biomass (𝑋) has been only related to 

ionic compounds (Franco et al., 2009; Hans-Cur, 1995; Torresi et al., 2017). In porous media, 

biomass is organized in biofilms, which contains living organisms and also other biological materials 

such as EPS. In biofilms, sorption can act upon different regions (Hans-Cur, 1995): i) EPS with 

cationic groups in amino sugars and proteins, and anionic groups in uronic acids and proteins; ii) 

outer membrane and lipopolysaccharides of gram-negative cells with their lipid membranes, the 

lipoteichoic acids in gram positive cells; iii) cell walls consisting of N-acetylglucosamine and N-

acetylmuramic acid, offering more cationic and anionic sites. Although cation sorption in biofilms 

has been widely reported in the literature (Franco et al., 2009; Torresi et al., 2017), anionic sorption 
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is also physically possible, due to the positive charges in amino groups in sugars, sugar acids and 

proteins. The literature on sorption of organic compounds in biofilms is poor and contradictory. 

Torresi et al. (2017) only observed sorption into biofilm of 9 of 23 compounds, being the cationic 

ones. On the other hand, BTEX sorbed to biomass, mainly to EPS. This was surprising, even for the 

authors, because EPS are mainly formed by water (Brangarí et al., 2018) and sorption should be 

preferentially for polar compounds. Lastly, mineral surfaces can also interact with organic 

compounds. In some environments with low organic matter concentrations, sorption into mineral 

surfaces of hydrophobic compounds has been observed. The sorption mechanism is through van der 

Waals or dipole-dipole energies and H-bonds. Although this mechanism is plausible and occurs, it is 

not the dominant one in most of porous media. On the other hand, mineral surfaces can also act as a 

sorbent if they have ionic surfaces, this occurs specially with clays and oxides and hydro-oxides. 

 

3.3. Degradation processes 
The biodegradation of CECs can be attributed to cometabolic and/or metabolic activities of 

microorganisms. Co-metabolism occurs when the microorganisms involved do not produce any 

energy or assimilable carbon when the substance is degraded. Autotrophic microorganisms show 

cometabolic activities, while heterotrophic CECs degrade via cometabolism and/or metabolic 

mechanisms, depending upon the nature of target CECs and their bioavailability in the environment. 

In order to strengthen the degradation by cometabolism, conditions must therefore be created 

according to the contaminants present. Studies have shown that autotrophic ammonia oxidizers and 

nitrification are key roles in cometabolizing CECs, particularly for slowly biodegradable compounds. 

Microbial transformation reactions are typically the only processes for the mineralization of 

xenobiotic organic compounds to inorganic end substances such as water and carbon dioxide. The 

complete mineralization of organic pollutants is the goal of microbiological remediation and usually 

takes place in partial steps. Under aerobic conditions, dissolved oxygen serves as oxidant, under 

anaerobic and anoxic conditions other dissolved oxidants take over the role of electron acceptor, like 

nitrate and sulfate. 

The prediction of the CECs concentration at the receptors will require a solid knowledge about the 

release of contaminants in the media, the degree of dilution, the residence times and their behavior in 

the subsurface. Although sorption is a key process in their fate, it is reversible and only increases the 

retardation of the compound transport. The main process of elimination of emerging organic 

compounds in Managed Aquifer Recharge is microbial degradation (Greskowiak et al., 2017). 

Degradation of the CECs depends on several factors like the microbial activity, temperature, redox 

conditions or the recalcitrant behaviour of the contaminant. Other site characteristic parameters 

clearly also influence the overall biodegradation rates of organic contaminants, such as 

physical/chemical heterogeneity of sediments (Scholl, 2000), as well as microbial 

abundances/diversity (Alidina et al., 2014; Drewes et al., 2006), which again are controlled by the 

water composition (Bertelkamp et al., 2015).  

The effect of aerobic/anaerobic conditions are observed from a number of examples of specific 

compounds. For example, Meffe and de Bustamante (2014) reported that para-toluene-sulfonamide 

(an industrial product) was degraded under oxic conditions, but not under anoxic conditions. 

Similarly, Ying et al. (2004) described the same behavior for beta-stradiol (an endocrine disrupting 

compound). In general, CECs degradation is faster under aerobic conditions compared to anaerobic 

ones. Thus, the impact of reduction-oxidation conditions in EOC degradation is compound specific. 

For instance, the natural attenuation of three β-blockers (atenolol, metoprolol, and propranolol) was 

investigated under denitrifying conditions (Barbieri et al., 2012). Atenolol was removed (about 65%) 

via abiotic and biotic processes, whereas metoprolol and propranolol were not biotransformed. 

Microcosm experiments were performed to investigate the biodegradation of benzotriazole and some 
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metabolites under aerobic and anaerobic conditions, finding that each specific compound was 

degraded under different aerobic or anaerobic nitrate reducing conditions (Liu et al., 2013). 

4. Insights towards next experimental activities 
 

The type/composition of organic-rich substrates within the reactive barrier will crucially affect the 

transport and fate of microbial and chemical contaminants of concern. The microbial transport will 

be a size-dependent process regulated by filtration and straining driven by the mean size and 

phylogenetic composition of the source community. Model microorganisms can be used to highlight 

microbial transport and removal patterns from the lab scale (i.e., column experiments) to pilot and 

field scale, according to their structural properties (e.g., size, morphology, surface charge). Following 

the information collected herein, suitable microbial indicators of potential pathogens can be selected 

for column seeding, intended as the first step in view of the rbMAR upscaling (table 4-1). 

 

Table 4-1. Selection of potential pathogens/indicators suitable for column seeding. 

 

Pathogen type Model organism Reference 

Virus MS2 (or PhiX174) (Perez-Mercado et al., 2019) 

Bacteria 
Escherichia coli 

Enterococcus faecalis 
(Stevik et al., 2004) 

Protozoa 
Saccharomyces cerevisiae 

Cryptosporidium parvum 

(Davies et al., 2008) 

(Perez-Mercado et al., 2019) 

Viral and microbial 

community* 

< 0.2 um (mostly viruses) 

0.2-10 um (mostly bacteria) 
This project 

Fluorescent microplastic beads  

(abiotic control) 
Size-dependent selection This project 

*from secondary effluents 

 

Sorption contaminant will depend on CECs as well as thermodynamical conditions such as 

temperature or pH. pH is mostly controlled by the pH of the soil (Kiecak et al., 2019; Kočárek et al., 

2016). So if the soil is characterized by a low pH (acidic soils), negatively charged compounds 

would pass into their neutral or cationic form and would therefore be more easily adsorbed 

(Kodešová et al., 2016). However, a too acidic soil could limit bacterial development and would then 

annihilate the benefits of biodegradation. Therefore, the composition of the soil is an important point 

which might influence the effectiveness. Other keys factors can lead the sorption rate and sorption 

efficiency, such as soil geochemical and hydraulic properties. Consequently, reactive barrier 

composition, that will be tested through column experiments, should take into account the soil 

mixture composition in order to maximize the sorption rate, considering the cation exchange capacity 

(CEC), the specific surface area (SSA), the carbon content (TOC (organic) and TC) or the clay 

fraction (as well as its mineralogy) among others such as oxide fraction or cations content. The 

presence of clay, zeolite, organic matter, but also their quantities, grain size, the porosity of the 

medium and its permeability will play a key role in the overall efficiency of molecule retention. For 

example, the presence of clay in the soil is indisputable due to its large specific surface area, which 

in some case offers a strong interest for the adsorption of positively charged molecules. However, a 

too large proportion of clay particles in the soil can lead to a degradation of the hydrodynamic 

properties of the medium, altering the flow rates and accessibility to reactive surfaces. A perfect 

fraction of each soil component should be determined for both maximizing the sorption rate 
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(chemical part) but also its long time efficiency in continuous flow conditions (hydro-chemical 

coupling). It is therefore essential that the soil used for the reactive barrier has interesting drainage 

properties while having remarkable adsorption capacities. For this, the mixing of clay particles with a 

sediment such as sand is recommended and classically carried out in order to maintain an acceptable 

porosity and permeability. Other compounds have been studied and are to be considered in the 

context of water treatment such as organic matter, like compost or simple wood shavings that will 

bring different elements and a variable amount of organic carbon (TOC). The mixing between 

different solid compounds is so necessary to increase the absorption and retention capacities but also 

to bring certain chemical elements necessary for biodegradation and to maintain interesting flow 

properties. In addition to these physical-chemical and structural parameters, other parameters may be 

involved. Namely, the contact time between polluted water and sediment. Previous studies 

recommend an experiment lasting 24 hours maximum (Biel-Maeso et al., 2019; Kočárek et al., 

2016). Moreover, biodegradation can take over despite the precautions taken upstream (soil 

sterilization by autoclave) (Martínez-Hernández et al., 2016). Sterilization can lead to a modification 

of sediment sorption (Lin et al., 2010). Martínez-Hernández et al. (2016) argued that this procedure 

improves the uptake of compounds, while Lotrario et al. (1995) showed that this causes an 

aggregation of clay particles and a decrease in the available surface area. 

Overall, the contribution of certain elements (nutrients) and organic matter is essential in particular 

for biodegradation and absorption processes. The composition of soils for water treatment is complex 

and will require specific studies for each component, in order to evaluate their retention efficiency 

according to their intrinsic parameters (grain size, mineralogical composition, CEC), but also 

according to the thermodynamic conditions and the composition of the solution (charge of the 

molecules, presence of metals, pH of the water). 
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Annex I. Council Directive of 21 May 1991 concerning urban waste water treatment (91/271/EEC) 

(OJ L 135, 30.5.1991, p. 40). 

 

Annex II. European Commission. Guidance Document for the implementation of the European 

PRTR. 31 May 2006, pp. 142. 


