
UvA-DARE is a service provided by the library of the University of Amsterdam (http

UvA-DARE (Digital Academic Repository)

Water is too precious to waste
Trade-offs of sewage effluent reuse in agricultural sub-surface irrigation
Narain, D.M.

Publication date
2023

Link to publication

Citation for published version (APA):
Narain, D. M. (2023). Water is too precious to waste: Trade-offs of sewage effluent reuse in
agricultural sub-surface irrigation. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 Sep 2023

https://dare.uva.nl/personal/pure/en/publications/water-is-too-precious-to-waste(688f1eff-19fc-4b2a-9b46-e98613fbd48c).html


169

Appendix

References	

Summary	

Samenvatting	

Author contribution	

List of publications	 &

06042023 Proefschrift Dominique.indd   16906042023 Proefschrift Dominique.indd   169 07-04-2023   15:5107-04-2023   15:51



170

WATER IS TOO PRECIOUS TO WASTE	

References
Adrion, A.C., Nakamura, J., Shea, D., Aitken, M.D., 2016. Screening Nonionic 

Surfactants for Enhanced Biodegradation of Polycyclic Aromatic Hydrocarbons 

Remaining in Soil after Conventional Biological Treatment. Environ. Sci. 

Technol. 50, 3838–3845. https://doi.org/10.1021/acs.est.5b05243

Agriculture & Environment Research Unit (AERU) at the University of 

Hertfordshire, 2022. PPDB: Pesticide Properties DataBaseNo Title.

Aislabie, J., Julie R. Deslippe, 2018. SOIL MICROBES AND THEIR CONTRIBUTION 

TO SOIL SERVICES Jackie. Soil Microb. Divers. 143.

Albergamo, V., Blankert, B., Cornelissen, E.R., Hofs, B., Knibbe, W.J., van der Meer, 

W., de Voogt, P., 2019a. Removal of polar organic micropollutants by pilot-scale 

reverse osmosis drinking water treatment. Water Res. 148, 535–545. https://

doi.org/10.1016/j.watres.2018.09.029

Albergamo, V., Helmus, R., de Voogt, P., 2018. Direct injection analysis of polar 

micropollutants in natural drinking water sources with biphenyl liquid 

chromatography coupled to high-resolution time-of-flight mass spectrometry. 

J. Chromatogr. A 1569, 53–61. https://doi.org/10.1016/j.chroma.2018.07.036

Albergamo, V., Schollée, J.E., Schymanski, E.L., Helmus, R., Timmer, H., Hollender, 

J., De Voogt, P., 2019b. Nontarget screening reveals time trends of polar 

micropollutants in a riverbank filtration system. Environ. Sci. Technol. 53, 

7584–7594. https://doi.org/10.1021/acs.est.9b01750

Alygizakis, N.A., Urík, J., Beretsou, V.G., Kampouris, I., Galani, A., Oswaldova, 

M., Berendonk, T., Oswald, P., 2020. Evaluation of chemical and biological 

contaminants of emerging concern in treated wastewater intended for 

agricultural reuse. Environ. Int. 138, 105597. https://doi.org/10.1016/j.

envint.2020.105597

Arden, S., Ma, X., 2018. Constructed wetlands for greywater recycle and 

reuse: A review. Sci. Total Environ. 630, 587–599. https://doi.org/10.1016/j.

scitotenv.2018.02.218

Arp, H.P.H., Brown, T.N., Berger, U., Hale, S.E., 2017. Ranking REACH registered 

neutral, ionizable and ionic organic chemicals based on their aquatic 

persistency and mobility. Environ. Sci. Process. Impacts 19, 939–955. https://

doi.org/10.1039/c7em00158d

Australian Government Initiative, 2006. Australian guidelines for water recycling 

[WWW Document].

Awad, H., Gar Alalm, M., El-Etriby, H.K., 2019. Environmental and cost life 

cycle assessment of different alternatives for improvement of wastewater 

06042023 Proefschrift Dominique.indd   17006042023 Proefschrift Dominique.indd   170 07-04-2023   15:5107-04-2023   15:51



171

treatment plants in developing countries. Sci. Total Environ. 660, 57–68. 

https://doi.org/10.1016/j.scitotenv.2018.12.386

Ayars, J.E., Christen, E.W., Hornbuckle, J.W., 2006. Controlled drainage for 

improved water management in arid regions irrigated agriculture. Agric. 

Water Manag. 86, 128–139. https://doi.org/10.1016/j.agwat.2006.07.004

Ayars, J.E., Fulton, A., Taylor, B., 2015. Subsurface drip irrigation in California-

Here to stay? Agric. Water Manag. 157, 39–47. https://doi.org/10.1016/j.

agwat.2015.01.001

Baken, K.A., Sjerps, R.M.A., Schriks, M., van Wezel, A.P., 2018. Toxicological 

risk assessment and prioritization of drinking water relevant contaminants 

of emerging concern. Environ. Int. 118, 293–303. https://doi.org/10.1016/j.

envint.2018.05.006

Bakke, S.J., Ionita, M., Tallaksen, L.M., 2020. The 2018 northern European 

hydrological drought and its drivers in a historical perspective. Hydrol. Earth 

Syst. Sci. 24, 5621–5653. https://doi.org/10.5194/hess-24-5621-2020

Barbagli, A., Jensen, B.N., Raza, M., Schüth, C., Rossetto, R., 2019. Assessment 

of soil buffer capacity on nutrients and pharmaceuticals in nature-based 

solution applications. Environ. Sci. Pollut. Res. 26, 759–774. https://doi.

org/10.1007/s11356-018-3515-8

Bartholomeus, R., Stofberg, S., Van den Eertwegh, G., Cirkel, G., 2017. BTO rapport 

Hergebruik restwater voor het landelijk gebied: Monitoring sub-irrigatie met 

RWZI-effluent. Nieuwegein, KWR Watercycle Research Institute, BTO report 

2017.062.

Bartholomeus, R., Van Den Eertwegh, G., Simons, G., 2015. Anticipating on 

amplifying water stress: Optimal crop production supported by anticipatory 

water management. Geophys. Res. Abstr. EGU Gen. Assem. 17, 2015–5354.

Beard, J.E., Bierkens, M.F.P., Bartholomeus, R.P., 2019. Following the water: 

Characterising de facto wastewater reuse in agriculture in the Netherlands. 

Sustain. 11, 1–20. https://doi.org/10.3390/su11215936

Becerra-Castro, C., Lopes, A.R., Vaz-Moreira, I., Silva, E.F., Manaia, C.M., Nunes, 

O.C., 2015. Wastewater reuse in irrigation: A microbiological perspective on 

implications in soil fertility and human and environmental health. Environ. 

Int. 75, 117–135. https://doi.org/10.1016/j.envint.2014.11.001

Ben Mordechay, E., Mordehay, V., Tarchitzky, J., Chefetz, B., 2022. Fate of 

contaminants of emerging concern in the reclaimed wastewater-soil-

plant continuum. Sci. Total Environ. 822, 153574. https://doi.org/10.1016/j.

scitotenv.2022.153574

Ben Mordechay, E., Mordehay, V., Tarchitzky, J., Chefetz, B., 2021. Pharmaceuticals 

in edible crops irrigated with reclaimed wastewater: Evidence from a large 

06042023 Proefschrift Dominique.indd   17106042023 Proefschrift Dominique.indd   171 07-04-2023   15:5107-04-2023   15:51



172

WATER IS TOO PRECIOUS TO WASTE	

survey in Israel. J. Hazard. Mater. 416, 126184. https://doi.org/10.1016/j.

jhazmat.2021.126184

Benard, P., Kroener, E., Vontobel, P., Kaestner, A., Carminati, A., 2016. Advances 

in Water Resources Water percolation through the root-soil interface. Adv. 

Water Resour. 95, 190–198. https://doi.org/10.1016/j.advwatres.2015.09.014

Beneduce, L., Gatta, G., Bevilacqua, A., Libutti, A., Tarantino, E., Bellucci, M., 

Troiano, E., Spano, G., 2017. Impact of the reusing of food manufacturing 

wastewater for irrigation in a closed system on the microbiological quality 

of the food crops. Int. J. Food Microbiol. 260, 51–58. https://doi.org/10.1016/j.

ijfoodmicro.2017.08.009

Benner, J., Smet, D. De, Ho, A., Kerckhof, F., Vanhaecke, L., Heylen, K., Boon, 

N., 2015. Exploring methane-oxidizing communities for the co-metabolic 

degradation of organic micropollutants 3609–3618. https://doi.org/10.1007/

s00253-014-6226-1

Bertelkamp, C., Reungoat, J., Cornelissen, E.R., Singhal, N., Reynisson, J., Cabo, 

A.J., van der Hoek, J.P., Verliefde, A.R.D., 2014. Sorption and biodegradation of 

organic micropollutants during river bank filtration: A laboratory column 

study. Water Res. 52, 231–241. https://doi.org/10.1016/j.watres.2013.10.068

Bezza, F.A., Chirwa, E.M.N., 2017. The role of lipopeptide biosurfactant on 

microbial remediation of aged polycyclic aromatic hydrocarbons (PAHs)-

contaminated soil. Chem. Eng. J. 309, 563–576. https://doi.org/10.1016/j.

cej.2016.10.055

Bieber, S., Snyder, S.A., Dagnino, S., Rauch-Williams, T., Drewes, J.E., 2018. 

Management strategies for trace organic chemicals in water – A review 

of international approaches. Chemosphere 195, 410–426. https://doi.

org/10.1016/j.chemosphere.2017.12.100

Biel-Maeso, M., Corada-Fernández, C., Lara-Martín, P.A., 2018. Monitoring the 

occurrence of pharmaceuticals in soils irrigated with reclaimed wastewater. 

Environ. Pollut. 235, 312–321. https://doi.org/10.1016/j.envpol.2017.12.085

Bijl, D.L., Biemans, H., Bogaart, P.W., Dekker, S.C., Doelman, J.C., Stehfest, E., 

van Vuuren, D.P., 2018. A Global Analysis of Future Water Deficit Based On 

Different Allocation Mechanisms. Water Resour. Res. 54, 5803–5824. https://

doi.org/10.1029/2017WR021688

Bilal, M., Adeel, M., Rasheed, T., Zhao, Y., Iqbal, H.M.N., 2019. Emerging 

contaminants of high concern and their enzyme-assisted biodegradation – A 

review. Environ. Int. 124, 336–353. https://doi.org/10.1016/j.envint.2019.01.011

Blum, K.M., Andersson, P.L., Ahrens, L., Wiberg, K., Haglund, P., 2018. Persistence, 

mobility and bioavailability of emerging organic contaminants discharged 

from sewage treatment plants. Sci. Total Environ. 612, 1532–1542. https://doi.

org/10.1016/j.scitotenv.2017.09.006

06042023 Proefschrift Dominique.indd   17206042023 Proefschrift Dominique.indd   172 07-04-2023   15:5107-04-2023   15:51



173

Boberg, J., Dybdahl, M., Petersen, A., Hass, U., Svingen, T., Vinggaard, A.M., 2019. A 

pragmatic approach for human risk assessment of chemical mixtures. Curr. 

Opin. Toxicol. 15, 1–7. https://doi.org/10.1016/j.cotox.2018.11.004

Bonaiti, G., Borin, M., 2010. Efficiency of controlled drainage and subirrigation 

in reducing nitrogen losses from agricultural fields. Agric. Water Manag. 98, 

343–352. https://doi.org/10.1016/j.agwat.2010.09.008

Bos-Burgering, L.M.T., JAC. Hunink, Veldhuizen, A.A., G. Prinsen, Walsum, P.E.V. 

van, Pauwels, J.R., Kroon, T., Deltares rapport 1120224-000-BGS- 0001, 2018., 

Versie, 2018. Veranderingsrapportage LHM 3.4.0; ontwikkelingen ten behoeve 

van landelijke analyse van de zoetwatervoorziening. Deltares report 1120224-

000-BGS- 0001.

Brakkee, E., Huijgevoort, M.H.J. Van, Bartholomeus, R.P., Group, L.M., 2022. 

Improved understanding of regional groundwater drought development 

through time series modelling : the 2018 – 2019 drought in the Netherlands 

Under review.

Brunner A., Kolkman A., Hofman-Caris R, Bertelkamp C., Siegers W., Vughs D.,  

ter L.T., 2018. BTO report Transformation products in the water.

Brunner, A.M., Vughs, D., Siegers, W., Bertelkamp, C., Hofman-Caris, R., Kolkman, 

A., ter Laak, T., 2019. Monitoring transformation product formation in the 

drinking water treatments rapid sand filtration and ozonation. Chemosphere 

214, 801–811. https://doi.org/10.1016/j.chemosphere.2018.09.140

Brunsch, A.F., ter Laak, T.L., Christoffels, E., Rijnaarts, H.H.M., Langenhoff, A.A.M., 

2018. Retention soil filter as post-treatment step to remove micropollutants 

from sewage treatment plant effluent. Sci. Total Environ. 637–638, 1098–1107. 

https://doi.org/10.1016/j.scitotenv.2018.05.063

California Department of Public Health (CDPH), 2018. Regulations Related to 

Recycled Water. Title 22 Code of Regulations. Californa Waterboards. Draft 

amendment to the recycled water policy.

California Water Boards, 2019. Laws and Regulations [WWW Document].

Campa, M.F., Techtmann, S.M., Gibson, C.M., Zhu, X., Patterson, M., Garcia De 

Matos Amaral, A., Ulrich, N., Campagna, S.R., Grant, C.J., Lamendella, R., Hazen, 

T.C., 2018. Impacts of Glutaraldehyde on Microbial Community Structure and 

Degradation Potential in Streams Impacted by Hydraulic Fracturing. Environ. 

Sci. Technol. 52, 5989–5999. https://doi.org/10.1021/acs.est.8b00239

CBS, 2016. Watergebruik in de land- en tuinbouw, 2001-2014 | Compendium 

voor de Leefomgeving. Centraal Bureau voor de Statistiek (CBS), Den Haag; 

PBL Planbureau voor de Leefomgeving, Den Haag; RIVM Rijksinstituut 

voor Volksgezondheid en Milieu, Bilthoven; en Wageningen University and 

Research, Wageningen.

06042023 Proefschrift Dominique.indd   17306042023 Proefschrift Dominique.indd   173 07-04-2023   15:5107-04-2023   15:51



174

WATER IS TOO PRECIOUS TO WASTE	

Ccanccapa, A., Masiá, A., Andreu, V., Picó, Y., 2016. Spatio-temporal patterns of 

pesticide residues in the Turia and Júcar Rivers (Spain). Sci. Total Environ. 

540, 200–210. https://doi.org/10.1016/j.scitotenv.2015.06.063

Chen, B., Han, M.Y., Peng, K., Zhou, S.L., Shao, L., Wu, X.F., Wei, W.D., Liu, S.Y., Li, 

Z., Li, J.S., Chen, G.Q., 2018. Global land-water nexus: Agricultural land and 

freshwater use embodied in worldwide supply chains. Sci. Total Environ. 

613–614, 931–943. https://doi.org/10.1016/j.scitotenv.2017.09.138

Christou, A., Agüera, A., Maria, J., Cytryn, E., Manaia, M., Michael, C., Revitt, M., 

Schr, P., 2017a. The potential implications of reclaimed wastewater reuse for 

irrigation on the agricultural environment : The knowns and unknowns of 

the fate of antibiotics and antibiotic resistant bacteria and resistance genes 

e A review 123. https://doi.org/10.1016/j.watres.2017.07.004

Christou, A., Karaolia, P., Hapeshi, E., Michael, C., Fatta-Kassinos, D., 2017b. 

Corrigendum to: “Long-term wastewater irrigation of vegetables in real 

agricultural systems: Concentration of pharmaceuticals in soil, uptake 

and bioaccumulation in tomato fruits and human health risk assessment.” 

[Water Res. 109 (2017) 24–34] (S004313541. Water Res. 119, 312. https://doi.

org/10.1016/j.watres.2017.04.065

Christou, A., Kyriacou, M.C., Georgiadou, E.C., Papamarkou, R., Hapeshi, E., 

Karaolia, P., Michael, C., Fotopoulos, V., Fatta-Kassinos, D., 2019a. Uptake 

and bioaccumulation of three widely prescribed pharmaceutically 

active compounds in tomato fruits and mediated effects on fruit quality 

attributes. Sci. Total Environ. 647, 1169–1178. https://doi.org/10.1016/j.

scitotenv.2018.08.053

Christou, A., Papadavid, G., Dalias, P., Fotopoulos, V., Michael, C., Bayona, J.M., 

Piña, B., Fatta-Kassinos, D., 2019b. Ranking of crop plants according to their 

potential to uptake and accumulate contaminants of emerging concern. 

Environ. Res. 170, 422–432. https://doi.org/10.1016/j.envres.2018.12.048

Cipullo, S., Prpich, G., Campo, P., Coulon, F., 2018. Assessing bioavailability 

of complex chemical mixtures in contaminated soils: Progress made and 

research needs. Sci. Total Environ. 615, 708–723. https://doi.org/10.1016/j.

scitotenv.2017.09.321

Coppens, L.J.C., van Gils, J.A.G., ter Laak, T.L., Raterman, B.W., van Wezel, A.P., 

2015. Towards spatially smart abatement of human pharmaceuticals in 

surface waters: Defining impact of sewage treatment plants on susceptible 

functions. Water Res. 81, 356–365. https://doi.org/10.1016/j.watres.2015.05.061

Council of the European Communities, 2000. Water Framework Directive 

(2000/60/EC). Off. J. Eur. Communities 1. https://doi.org/10.1039/ap9842100196

06042023 Proefschrift Dominique.indd   17406042023 Proefschrift Dominique.indd   174 07-04-2023   15:5107-04-2023   15:51



175

Council of the European Communities, 1991. Directive concerning the protection 

of waters against pollution caused by nitrates from agricultural sources 

(91/676/EEC). Off. J. Eur. Communities.

Cucci, G., Lacolla, G., Mastro, M.A., Caranfa, G., 2016. Leaching effect of rainfall 

on soil under four-year saline water irrigation. Soil Water Res. 11, 181–189. 

https://doi.org/10.17221/20/2015-SWR

Cycon, M., Mrozik, A., Piotrowska-Seget, Z., 2019. Antibiotics in the soil 

environment—degradation and their impact on microbial activity and 

diversity. Front. Microbiol. 10. https://doi.org/10.3389/fmicb.2019.00338

Dalmijn, J.A., Poursat, B.A.J., Van Spanning, R.J.M., Brandt, B.W., De Voogt, 

P., Parsons, J.R., 2021. Influence of short- And long-term exposure on the 

biodegradation capacity of activated sludge microbial communities in ready 

biodegradability tests. Environ. Sci. Water Res. Technol. 7, 107–121. https://

doi.org/10.1039/d0ew00776e

De Vos, L., Biemans, H., Doelman, J.C., Stehfest, E., Van Vuuren, D.P., 2021. 

Trade-offs between water needs for food, utilities, and the environment - A 

nexus quantification at different scales. Environ. Res. Lett. 16. https://doi.

org/10.1088/1748-9326/ac2b5e

Dechesne, A., Badawi, N., Aamand, J., Smets, B.F., 2014. Fine scale spatial 

variability of microbial pesticide degradation in soil: Scales, controlling 

factors, and implications. Front. Microbiol. 5, 1–14. https://doi.org/10.3389/

fmicb.2014.00667

Delli Compagni, R., Gabrielli, M., Polesel, F., Turolla, A., Trapp, S., Vezzaro, 

L., Antonelli, M., 2020a. Risk assessment of contaminants of emerging 

concern in the context of wastewater reuse for irrigation: An integrated 

modelling approach. Chemosphere 242, 125185. https://doi.org/10.1016/j.

chemosphere.2019.125185

Delli Compagni, R., Gabrielli, M., Polesel, F., Turolla, A., Trapp, S., Vezzaro, 

L., Antonelli, M., 2020b. Risk assessment of contaminants of emerging 

concern in the context of wastewater reuse for irrigation: An integrated 

modelling approach. Chemosphere 242, 125185. https://doi.org/10.1016/j.

chemosphere.2019.125185

Dermody, B.J., Sivapalan, M., Stehfest, E., van Vuuren, D.P., Wassen, M.J., Bierkens, 

M.F.P., Dekker, S.C., 2018. A framework for modelling the complexities of food 

and water security under globalisation. Earth Syst. Dyn. Discuss. 1–27. https://

doi.org/10.5194/esd-2017-38

Dingemans, M.M.L., Smeets, P.W.M.H., Medema, G., Frijns, J., 2020. Responsible 

Water Reuse Needs an Interdisciplinary Approach to Balance Risks and 

Benefits 1–13. https://doi.org/10.3390/w12051264

06042023 Proefschrift Dominique.indd   17506042023 Proefschrift Dominique.indd   175 07-04-2023   15:5107-04-2023   15:51



176

WATER IS TOO PRECIOUS TO WASTE	

Doucette, W.J., Shunthirasingham, C., Dettenmaier, E.M., Zaleski, R.T., Fantke, 

P., Arnot, J.A., 2018. A review of measured bioaccumulation data on 

terrestrial plants for organic chemicals: Metrics, variability, and the need 

for standardized measurement protocols. Environ. Toxicol. Chem. 37, 21–33. 

https://doi.org/10.1002/etc.3992

Drewes, J.E., Hübner, U., Zhiteneva, V., Karakurt, S., 2017a. Characterization 

of unplanned water reuse in the EU Final Report 64. https://doi.

org/10.2779/597701

Drewes, J.E., Hübner, U., Zhiteneva, V., Karakurt, S., 2017b. Characterization of 

unplanned water reuse in the EU 61. https://doi.org/10.2779/597701

Drewes Jörg E., Hübner Uwe, Zhitenev Veronikaa, S.K., 2017. Characterization 

of unplanned water reuse in the EU Final Report 64. https://doi.

org/10.2779/597701

Driver, E.M., Roberts, J., Dollar, P., Charles, M., Hurst, P., Halden, R.U., 2017. 

Comparative meta-analysis and experimental kinetic investigation of column 

and batch bottle microcosm treatability studies informing in situ groundwater 

remedial design. J. Hazard. Mater. 323, 377–385. https://doi.org/10.1016/j.

jhazmat.2016.05.008

Dulio, V., van Bavel, B., Brorström-Lundén, E., Harmsen, J., Hollender, J., Schlabach, 

M., Slobodnik, J., Thomas, K., Koschorreck, J., 2018. Emerging pollutants in the 

EU: 10 years of NORMAN in support of environmental policies and regulations. 

Environ. Sci. Eur. 30. https://doi.org/10.1186/s12302-018-0135-3

ECHA, 2017a. Guidance on Information Requirements and Chemical Safety 

Assessment - Part E: Risk Characterisation. Eur. Chem. Agency 1–58. https://

doi.org/10.2823/139408

ECHA, 2017b. Chapter R.11: PBT/vPvB assessment, Guidance on information 

requirements and chemical safety assessment. https://doi.org/10.2823/128621

EEC Council, 1991. 91/271/EEC of 21 May 1991 concerning urban waste-water 

treatment. EEC Counc. Dir. 10. https://doi.org/http://eur-lex.europa.eu/legal-

content/en/ALL/?uri=CELEX:31991L0271

EurEau, 2018. EurEau position on the Regulation on Minimum Requirements 

for Water Reuse 32, 1–7.

European Chemicals Agency, 2022. ECHA [WWW Document]. URL https://echa.

europa.eu/nl/home (accessed 5.10.21).

European Comission, 2020. REGULATION (EU) 2020/741 OF THE EUROPEAN 

PARLIAMENT AND OF THE COUNCIL of 25 May 2020 on minimum 

requirements for water reuse 2019, 32–55.

European Comission, 2008. Directive 2008/105/EC of the European Parliament 

and of the Council of 16 December 2008 on environmental quality standards 

06042023 Proefschrift Dominique.indd   17606042023 Proefschrift Dominique.indd   176 07-04-2023   15:5107-04-2023   15:51



177

in the field of water policy. Off. J. Eur. Union L348/84-L348/97. https://doi.

org/http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:32008L0105

European Commission, 2018. Proposal for a REGULATION OF THE EUROPEAN 

PARLIAMENT AND OF THE COUNCIL on minimum requirements for water 

reuse.

European Commission, 2014. Directive of 20 June 2014 amending Annex II to 

Directive 2006/118/EC of the European Parliament and of the Council on 

the protection of groundwater against pollution and deterioration (2014/80/

EU) 2014, 4.

European Commission, 2011. Commission Regulation (EU) No 142/2011 of 25 

February 2011 implementing Regulation (EC) No 1069/2009 of the European 

Parliament and of the Council laying down health rules as regards animal 

by-products and derived products not intended for human consumpti. Off. 

J. Eur. Union.

European Commission, 2006. COMMISSION REGULATION (EC) No 1881/2006 

of 19 December 2006 setting maximum levels for certain contaminants in 

foodstuffs. Off. J. Eur. Union 2006, 5–24.

European Commission, 2005. Regulation (EC) No. 2073/2005 of The European 

Parliament and of The Council of 15 November 2005 on microbiological 

criteria for foodstuffs. Off. J. ofthe Eur. Union.

European Commission, 2004. REGULATION (EC) No 852/2004 OF THE EUROPEAN 

PARLIAMENT AND OF THE COUNCIL of 29 April 2004 on the hygiene of 

foodstuffs. Off. J. Eur. Communities 2002, 1–54. https://doi.org/http://eur-lex.

europa.eu/pri/en/oj/dat/2003/l_285/l_28520031101en00330037.pdf

European Parliament and the Council, 2005. REGULATION (EC) NO 396/2005 OF 

THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 23 February 2005 

on maximum residue levels of pesticides in or on food and feed of plant and 

animal origin and amending Council Directive 91/414/EEC. Off. J. Eur. Union.

Europian Commission, 2012. Blueprint to Safeguard Europe’s Water Resources.

Eurostat, 2018. Total agricultural output in the EU up by 6 . 2 % in 2017 compared 

with 2016 2016–2018.

Faour-Klingbeil, D., Todd, E.C.D., 2018. The Impact of Climate Change on Raw 

and Untreated Wastewater Use for Agriculture, Especially in Arid Regions: A 

Review. Foodborne Pathog. Dis. 15, 61–72. https://doi.org/10.1089/fpd.2017.2389

Fekadu, S., Alemayehu, E., Dewil, R., Van der Bruggen, B., 2019. Pharmaceuticals 

in freshwater aquatic environments: A comparison of the African and 

European challenge. Sci. Total Environ. 654, 324–337. https://doi.org/10.1016/j.

scitotenv.2018.11.072

06042023 Proefschrift Dominique.indd   17706042023 Proefschrift Dominique.indd   177 07-04-2023   15:5107-04-2023   15:51



178

WATER IS TOO PRECIOUS TO WASTE	

Food and Agriculture Organization of the United Nations, 2016. AQUASTAT 

Database [WWW Document].

Food and Argriculture Organization of the United Nations, 2021. Water use 

[WWW Document]. AQUASTAT - FAO’s Glob. Inf. Syst. Water Agric.

Food and Argriculture Organization of the United Nations, 2016. Theme: Water 

uses [WWW Document].

Franklin, A.M., Williams, C.F., Andrews, D.M., Woodward, E.E., Watson, J.E., 2015. 

Uptake of Three Antibiotics and an Antiepileptic Drug by Wheat Crops Spray 

Irrigated with Wastewater Treatment Plant Effluent. J. Environ. Qual. 45, 546. 

https://doi.org/10.2134/jeq2015.05.0257

Fraz, S., Lee, A.H., Pollard, S., Srinivasan, K., Vermani, A., Wilson, J.Y., 2019. Parental 

gemfibrozil exposure impacts zebrafish F1 offspring, but not subsequent 

generations. Aquat. Toxicol. 212, 194–204. https://doi.org/10.1016/j.

aquatox.2019.04.020

Gago-Ferrero, P., Krettek, A., Fischer, S., Wiberg, K., Ahrens, L., 2018. Suspect 

Screening and Regulatory Databases: A Powerful Combination to Identify 

Emerging Micropollutants. Environ. Sci. Technol. 52, 6881–6894. https://doi.

org/10.1021/acs.est.7b06598

Garcia-Cuerva, L., Berglund, E.Z., Binder, A.R., 2016. Public perceptions of 

water shortages, conservation behaviors, and support for water reuse in 

the U.S. Resour. Conserv. Recycl. 113, 106–115. https://doi.org/10.1016/j.

resconrec.2016.06.006

García-Santiago, X., Garrido, J.M., Lema, J.M., Franco-Uría, A., 2017. Fate of 

pharmaceuticals in soil after application of STPs products: Influence of 

physicochemical properties and modelling approach. Chemosphere 182, 

406–415. https://doi.org/10.1016/j.chemosphere.2017.05.049

Ghattas, A.K., Fischer, F., Wick, A., Ternes, T.A., 2017. Anaerobic biodegradation 

of (emerging) organic contaminants in the aquatic environment. Water Res. 

116, 268–295. https://doi.org/10.1016/j.watres.2017.02.001

Gil, A., Santamaría, L., Korili, S.A., Vicente, M.A., Barbosa, L. V., de Souza, S.D., 

Marçal, L., de Faria, E.H., Ciuffi, K.J., 2021. A review of organic-inorganic hybrid 

clay based adsorbents for contaminants removal: Synthesis, perspectives 

and applications. J. Environ. Chem. Eng. 9, 105808. https://doi.org/10.1016/j.

jece.2021.105808

Gillefalk, M., Massmann, G., Nützmann, G., Hilt, S., 2018. Potential impacts of 

induced bank filtration on surface water quality: A conceptual framework for 

future research. Water (Switzerland) 10. https://doi.org/10.3390/w10091240

Goldstein, M., Shenker, M., Chefetz, B., 2014. Insights into the uptake processes 

of wastewater-borne pharmaceuticals by vegetables. Environ. Sci. Technol. 

48, 5593–5600. https://doi.org/10.1021/es5008615

06042023 Proefschrift Dominique.indd   17806042023 Proefschrift Dominique.indd   178 07-04-2023   15:5107-04-2023   15:51



179

Golovko, O., Örn, S., Sörengård, M., Frieberg, K., Nassazzi, W., Lai, F.Y., Ahrens, 

L., 2021. Occurrence and removal of chemicals of emerging concern in 

wastewater treatment plants and their impact on receiving water systems. 

Sci. Total Environ. 754, 142122. https://doi.org/10.1016/j.scitotenv.2020.142122

Gonzales-Gustavson, E., Rusiñol, M., Medema, G., Calvo, M., Girones, R., 2019. 

Quantitative risk assessment of norovirus and adenovirus for the use of 

reclaimed water to irrigate lettuce in Catalonia. Water Res. 153, 91–99. https://

doi.org/10.1016/j.watres.2018.12.070

Gorito, A.M., Ribeiro, A.R., Almeida, C.M.R., Silva, A.M.T., 2017. A review on the 

application of constructed wetlands for the removal of priority substances and 

contaminants of emerging concern listed in recently launched EU legislation. 

Environ. Pollut. 227, 428–443. https://doi.org/10.1016/j.envpol.2017.04.060

Gredelj, A., Barausse, A., Grechi, L., Palmeri, L., 2018. Deriving predicted no-effect 

concentrations (PNECs) for emerging contaminants in the river Po, Italy, 

using three approaches: Assessment factor, species sensitivity distribution 

and AQUATOX ecosystem modelling. Environ. Int. 119, 66–78. https://doi.

org/10.1016/j.envint.2018.06.017

Greskowiak, J., Hamann, E., Burke, V., Massmann, G., 2017. The uncertainty of 

biodegradation rate constants of emerging organic compounds in soil and 

groundwater – A compilation of literature values for 82 substances. Water 

Res. 126, 122–133. https://doi.org/10.1016/j.watres.2017.09.017

Grill, G., Khan, U., Lehner, B., Nicell, J., Ariwi, J., 2016. Risk assessment of down-the-

drain chemicals at large spatial scales: Model development and application to 

contaminants originating from urban areas in the Saint Lawrence River Basin. 

Sci. Total Environ. 541, 825–838. https://doi.org/10.1016/j.scitotenv.2015.09.100

Gude, V.G., 2017. Desalination and water reuse to address global water scarcity. 

Rev. Environ. Sci. Biotechnol. 16, 591–609. https://doi.org/10.1007/s11157-

017-9449-7

Guillossou, R., Le, J., Mailler, R., Vulliet, E., Morlay, C., Nauleau, F., Gasperi, J., 

Rocher, V., 2019. Chemosphere Organic micropollutants in a large wastewater 

treatment plant : What are the bene fi ts of an advanced treatment by activated 

carbon adsorption in comparison to conventional treatment ? Chemosphere 

218, 1050–1060. https://doi.org/10.1016/j.chemosphere.2018.11.182

Gunarathna, M.H.J.P., Sakai, K., Nakandakari, T., Kazuro, M., Onodera, T., 

Kaneshiro, H., Uehara, H., Wakasugi, K., 2017. Optimized subsurface irrigation 

system (OPSIS): Beyond traditional subsurface irrigation. Water (Switzerland) 

9. https://doi.org/10.3390/w9080599

Gupta, D., Madramootoo, C.A., 2017. Fate and Transport of Escherichia coli in 

Tomato Production. Expo. Heal. 9, 13–25. https://doi.org/10.1007/s12403-

016-0217-7

06042023 Proefschrift Dominique.indd   17906042023 Proefschrift Dominique.indd   179 07-04-2023   15:5107-04-2023   15:51



180

WATER IS TOO PRECIOUS TO WASTE	

Hack-Ten Broeke, M.J.D., Kroes, J.G., Bartholomeus, R.P., Van Dam, J.C., De 

Wit, A.J.W., Supit, I., Walvoort, D.J.J., Van Bakel, P.J.T., Ruijtenberg, R., 2016. 

Quantification of the impact of hydrology on agricultural production as a 

result of too dry, too wet or too saline conditions. Soil 2, 391–402. https://doi.

org/10.5194/soil-2-391-2016

Halden, R.U., 2015. Epistemology of contaminants of emerging concern and 

literature meta-analysis. J. Hazard. Mater. 282, 2–9. https://doi.org/10.1016/j.

jhazmat.2014.08.074

Hale, S.E., Arp, H.P.H., Schliebner, I., Neumann, M., 2020. Persistent, mobile and 

toxic (PMT) and very persistent and very mobile (vPvM) substances pose an 

equivalent level of concern to persistent, bioaccumulative and toxic (PBT) and 

very persistent and very bioaccumulative (vPvB) substances under REACH. 

Environ. Sci. Eur. 32. https://doi.org/10.1186/s12302-020-00440-4

Hamann, E., Stuyfzand, P.J., Greskowiak, J., Timmer, H., Massmann, G., 2016. 

The fate of organic micropollutants during long-term/long-distance river 

bank filtration. Sci. Total Environ. 545–546, 629–640. https://doi.org/10.1016/j.

scitotenv.2015.12.057

Hanasaki, N., Yoshikawa, S., Pokhrel, Y., Kanae, S., 2018. A global hydrological 

simulation to specify the sources of water used by humans. Hydrol. Earth 

Syst. Sci. 22, 789–817. https://doi.org/10.5194/hess-22-789-2018

Hänsel, S., Ustrnul, Z., Łupikasza, E., Skalak, P., 2019. Assessing seasonal drought 

variations and trends over Central Europe. Adv. Water Resour. 127, 53–75. 

https://doi.org/10.1016/j.advwatres.2019.03.005

He, Y., Zhang, L., Jiang, L., Wagner, T., Sutton, N.B., Ji, R., Langenhoff, A.A.M., 2021. 

Improving removal of antibiotics in constructed wetland treatment systems 

based on key design and operational parameters: A review. J. Hazard. Mater. 

407, 124386. https://doi.org/10.1016/j.jhazmat.2020.124386

Heating up, 2022. . Nat. Clim. Chang. 12, 693. https://doi.org/10.1038/s41558-

022-01462-x

Helmus, R., Velde, B. Van De, Brunner, A.M., Thomas, L., Wezel, A.P. Van, 

Schymanski, E.L., 2022. including automated transformation product 

screening Statement of need. J. Open Source Softw. 7, 1–10. https://doi.

org/10.21105/joss.04029

Helsel, D.R., Hirsch, R.M., Ryberg, K.R., Archfield, S.A., Gilroy, E.J., 2020. Statistical 

Methods in Water Resources Techniques and Methods 4 – A3. USGS Tech. 

Methods.

Hollender, J., Rothardt, J., Radny, D., Loos, M., Epting, J., Huggenberger, P., Borer, P., 

Singer, H., 2018. Comprehensive micropollutant screening using LC-HRMS/

MS at three riverbank filtration sites to assess natural attenuation and 

06042023 Proefschrift Dominique.indd   18006042023 Proefschrift Dominique.indd   180 07-04-2023   15:5107-04-2023   15:51



181

potential implications for human health. Water Res. X 1, 100007. https://

doi.org/10.1016/j.wroa.2018.100007

Hollender, J., Schymanski, E.L., Singer, H., Ferguson, P.L., 2017. Non-target 

screening with high resolution mass spectrometry in the environment: Ready 

to go? Environ. Sci. Technol. acs.est.7b02184. https://doi.org/10.1021/acs.

est.7b02184

Hong, P., Julian, T.R., Pype, M., Jiang, S.C., Nelson, K.L., Graham, D., Pruden, 

A., Manaia, C.M., 2018. Reusing Treated Wastewater : Consideration of the 

Safety Aspects Associated with Antibiotic-Resistant Bacteria and Antibiotic 

Resistance Genes. https://doi.org/10.3390/w10030244

Hristov, J., Barreiro-Hurle, J., Salputra, G., Blanco, M., Witzke, P., 2021. Reuse 

of treated water in European agriculture: Potential to address water 

scarcity under climate change. Agric. Water Manag. 251, 106872. https://doi.

org/10.1016/j.agwat.2021.106872

Huang, Q., Bu, Q., Zhong, W., Shi, K., Cao, Z., Yu, G., 2018. Derivation of aquatic 

predicted no-effect concentration (PNEC) for ibuprofen and sulfamethoxazole 

based on various toxicity endpoints and the associated risks. Chemosphere 

193, 223–229. https://doi.org/10.1016/j.chemosphere.2017.11.029

Hübner, U., Wurzbacher, C., Helbling, D.E., Drewes, J.E., 2022. Engineering of 

managed aquifer recharge systems to optimize biotransformation of 

trace organic chemicals. Curr. Opin. Environ. Sci. Heal. 100343. https://doi.

org/10.1016/j.coesh.2022.100343

International Agency for Research and Cancer, 2016. Some chemicals used as 

solvents and in polymer manufacture, IARC Monographs on the Evaluation 

of Carcinogenic Risks to Humans.

International Organization for Standardization, 2015. Guidelines for treated 

wastewater use for irrigation projects [WWW Document]. ISO 16075.

IWA, 2018. The reuse Opportunity. Atmos. Chem. Phys. Discuss. 1–26. https://

doi.org/10.5194/acp-2016-176

Jaime, Nivala; Peta, Neale; Tobias, Haasis; Stefanie, Kahl; Maria, König; Roland, 

Müller; Thorsten, Reemtsma; Rita, Schlichtinge; Beate, E., 2018. Application 

of cell-based bioassays to evaluate treatment efficacy of conventional and 

intensified treatment wetlands. Environ. Sci. Water Res. Technol.

Jaramillo, M.F., Restrepo, I., 2017. Wastewater reuse in agriculture: A review about 

its limitations and benefits. Sustain. 9. https://doi.org/10.3390/su9101734

Jin, J., Sun, K., Wang, Z., Han, L., Pan, Z., Wu, F., Liu, X., Zhao, Y., Xing, B., 2015. 

Characterization and phthalate esters sorption of organic matter fractions 

isolated from soils and sediments. Environ. Pollut. 206, 24–31. https://doi.

org/10.1016/j.envpol.2015.06.031

06042023 Proefschrift Dominique.indd   18106042023 Proefschrift Dominique.indd   181 07-04-2023   15:5107-04-2023   15:51



182

WATER IS TOO PRECIOUS TO WASTE	

Johnson, A.C., Jin, X., Nakada, N., Sumpter, J.P., 2020. the Future of Chemicals in 

the Environment. Science (80-. ). 367, 384–387.

Joint Research Centre, 2017. Minimum quality requirements for water reuse in 

agricultural irrigation and aquifer recharge - Towards a water reuse regulatory 

instrument at EU level. https://doi.org/10.2760/887727

K’oreje, K., Okoth, M., Van Langenhove, H., Demeestere, K., 2022. Occurrence and 

point-of-use treatment of contaminants of emerging concern in groundwater 

of the Nzoia River basin, Kenya. Environ. Pollut. 297, 118725. https://doi.

org/10.1016/j.envpol.2021.118725

Kahl, S., Nivala, J., van Afferden, M., Müller, R.A., Reemtsma, T., 2017. Effect of 

design and operational conditions on the performance of subsurface flow 

treatment wetlands: Emerging organic contaminants as indicators. Water 

Res. 125, 490–500. https://doi.org/10.1016/j.watres.2017.09.004

Kampouris, I.D., Klümper, U., Agrawal, S., Orschler, L., Cacace, D., Kunze, S., 

Berendonk, T.U., 2021. Treated wastewater irrigation promotes the spread of 

antibiotic resistance into subsoil pore-water. Environ. Int. 146, 106190. https://

doi.org/10.1016/j.envint.2020.106190

Kase, R., Javurkova, B., Simon, E., Swart, K., Buchinger, S., Könemann, S., Escher, 

B.I., Carere, M., Dulio, V., Ait-Aissa, S., Hollert, H., Valsecchi, S., Polesello, S., 

Behnisch, P., di Paolo, C., Olbrich, D., Sychrova, E., Gundlach, M., Schlichting, 

R., Leborgne, L., Clara, M., Scheffknecht, C., Marneffe, Y., Chalon, C., Tusil, 

P., Soldan, P., von Danwitz, B., Schwaiger, J., Morán, A., Bersani, F., Perceval, 

O., Kienle, C., Vermeirssen, E., Hilscherova, K., Reifferscheid, G., Werner, I., 

2018. Screening and risk management solutions for steroidal estrogens in 

surface and wastewater. TrAC - Trends Anal. Chem. 102, 343–358. https://doi.

org/10.1016/j.trac.2018.02.013

Kesari, K.K., Soni, R., Jamal, Q.M.S., Tripathi, P., Lal, J.A., Jha, N.K., Siddiqui, M.H., 

Kumar, P., Tripathi, V., Ruokolainen, J., 2021. Wastewater Treatment and Reuse: 

a Review of its Applications and Health Implications. Water. Air. Soil Pollut. 

232. https://doi.org/10.1007/s11270-021-05154-8

Khalid, S., Shahid, M., Natasha, Bibi, I., Sarwar, T., Shah, A.H., Niazi, N.K., 2018. 

A review of environmental contamination and health risk assessment of 

wastewater use for crop irrigation with a focus on low and high-income 

countries. Int. J. Environ. Res. Public Health 15, 1–36. https://doi.org/10.3390/

ijerph15050895

Kibuye, F.A., Gall, H.E., Elkin, K.R., Ayers, B., Veith, T.L., Miller, M., Jacob, S., Hayden, 

K.R., Watson, J.E., Elliott, H.A., 2019. Fate of pharmaceuticals in a spray-

irrigation system: From wastewater to groundwater. Sci. Total Environ. 654, 

197–208. https://doi.org/10.1016/j.scitotenv.2018.10.442

06042023 Proefschrift Dominique.indd   18206042023 Proefschrift Dominique.indd   182 07-04-2023   15:5107-04-2023   15:51



183

Klaassen, C., Doull, J., 2008. Toxicology: The basic science of poisons 7th Editio.

KNMI: Klimatologie, n.d. klimatologie/daggegevens/selectie.cgi [WWW 

Document]. URL http://projects.knmi.nl/ (accessed 4.30.22).

KNMI, 2018. Historisch verloop neerslagtekort [WWW Document]. K. Ned. 

Meteorol. Intituut.

Kopittke, P.M., Menzies, N.W., Wang, P., McKenna, B.A., Lombi, E., 2019. Soil and 

the intensification of agriculture for global food security. Environ. Int. 132, 

105078. https://doi.org/10.1016/j.envint.2019.105078

Kroes, J.G., van Dam, J.C., Bartholomeus, R.P., Groenendijk, P., Heinen, M., 

Hendriks, R.F.A., Mulder, H.M., Supit, I., van Walsum, P.E.V., 2017. SWAP version 

4; Theory description and user manual. Wageningen Environmental Research, 

Report 2780.

Krzeminski, P., Tomei, M.C., Karaolia, P., Langenhoff, A., Almeida, C.M.R., Felis, 

E., Gritten, F., Andersen, H.R., Fernandes, T., Manaia, C.M., Rizzo, L., Fatta-

Kassinos, D., 2019. Performance of secondary wastewater treatment methods 

for the removal of contaminants of emerging concern implicated in crop 

uptake and antibiotic resistance spread: A review. Sci. Total Environ. 648, 

1052–1081. https://doi.org/10.1016/j.scitotenv.2018.08.130

Lamichhane, S., Bal Krishna, K.C., Sarukkalige, R., 2016. Polycyclic aromatic 

hydrocarbons (PAHs) removal by sorption: A review. Chemosphere 148, 336–

353. https://doi.org/10.1016/j.chemosphere.2016.01.036

Larsson, D.G.J., Andremont, A., Bengtsson-Palme, J., Brandt, K.K., de Roda 

Husman, A.M., Fagerstedt, P., Fick, J., Flach, C.F., Gaze, W.H., Kuroda, M., 

Kvint, K., Laxminarayan, R., Manaia, C.M., Nielsen, K.M., Plant, L., Ploy, M.C., 

Segovia, C., Simonet, P., Smalla, K., Snape, J., Topp, E., van Hengel, A.J., Verner-

Jeffreys, D.W., Virta, M.P.J., Wellington, E.M., Wernersson, A.S., 2018. Critical 

knowledge gaps and research needs related to the environmental dimensions 

of antibiotic resistance. Environ. Int. 117, 132–138. https://doi.org/10.1016/j.

envint.2018.04.041

Legislative Counsel Bureau, 2018. Senate Bill No. 966 1–4.

Li, Y., Zhu, G., Ng, W.J., Tan, S.K., 2014. A review on removing pharmaceutical 

contaminants from wastewater by constructed wetlands: Design, performance 

and mechanism. Sci. Total Environ. 468–469, 908–932. https://doi.org/10.1016/j.

scitotenv.2013.09.018

Licciardello, F., Milani, M., Consoli, S., Pappalardo, N., Barbagallo, S., Cirelli, 

G., 2018. Wastewater tertiary treatment options to match reuse standards 

in agriculture. Agric. Water Manag. 210, 232–242. https://doi.org/10.1016/j.

agwat.2018.08.001

06042023 Proefschrift Dominique.indd   18306042023 Proefschrift Dominique.indd   183 07-04-2023   15:5107-04-2023   15:51



184

WATER IS TOO PRECIOUS TO WASTE	

Liu, S.-S., Cai, Q., Li, C., Cheng, S., Wang, Z., Yang, Y., Ying, G.-G., Sweetman, A.J., 

Chen, C.-E., 2021. In situ measurement of an emerging persistent, mobile and 

toxic (PMT) substance - Melamine and related triazines in waters by diffusive 

gradient in thin-films. Water Res. 206, 117752. https://doi.org/10.1016/j.

watres.2021.117752

Lopez-Herguedas, N., González-Gaya, B., Castelblanco-Boyacá, N., Rico, A., 

Etxebarria, N., Olivares, M., Prieto, A., Zuloaga, O., 2022. Characterization of 

the contamination fingerprint of wastewater treatment plant effluents in the 

Henares River Basin (central Spain) based on target and suspect screening 

analysis. Sci. Total Environ. 806. https://doi.org/10.1016/j.scitotenv.2021.151262

Lünsmann, V., Kappelmeyer, U., Benndorf, R., Martinez-Lavanchy, P.M., Taubert, 

A., Adrian, L., Duarte, M., Pieper, D.H., von Bergen, M., Müller, J.A., Heipieper, 

H.J., Jehmlich, N., 2016. In situprotein-SIP highlights Burkholderiaceae as key 

players degrading toluene by para ring hydroxylation in a constructed wetland 

model. Environ. Microbiol. 18, 1176–1186. https://doi.org/10.1111/1462-

2920.13133

Luo, Y., Atashgahi, S., Rijnaarts, H.H.M., Comans, R.N.J., Sutton, N.B., 2019. 

Influence of different redox conditions and dissolved organic matter on 

pesticide biodegradation in simulated groundwater systems. Sci. Total 

Environ. 677, 692–699. https://doi.org/10.1016/j.scitotenv.2019.04.128

Luo, Y., Guo, W., Hao, H., Duc, L., Ibney, F., Zhang, J., Liang, S., Wang, X.C., 

2014. Science of the Total Environment A review on the occurrence of 

micropollutants in the aquatic environment and their fate and removal 

during wastewater treatment. Sci. Total Environ. 473–474, 619–641. https://

doi.org/10.1016/j.scitotenv.2013.12.065

Maceda-Veiga, A., Mac Nally, R., de Sostoa, A., 2018. Water-quality impacts 

in semi-arid regions: can natural ‘green filters’ mitigate adverse effects 

on fish assemblages? Water Res. 144, 628–641. https://doi.org/10.1016/j.

watres.2018.07.077

Machado, R., Serralheiro, R., 2017. Soil Salinity: Effect on Vegetable Crop Growth. 

Management Practices to Prevent and Mitigate Soil Salinization. Horticulturae 

3, 30. https://doi.org/10.3390/horticulturae3020030

Magdeburg, A., Stalter, D., Schlu, M., Ternes, T., 2014. ScienceDirect Evaluating 

the efficiency of advanced wastewater treatment : Target analysis of organic 

contaminants and ( geno- ) toxicity assessment tell a different 0. https://doi.

org/10.1016/j.watres.2013.11.041

Makkink, G., 1957. Testing the Penman formula by means of lysimeters. J. Institut. 

Water Eng. 11, 277–288.

06042023 Proefschrift Dominique.indd   18406042023 Proefschrift Dominique.indd   184 07-04-2023   15:5107-04-2023   15:51



185

Man, Y.B., Chow, K.L., Tsang, Y.F., Lau, F.T.K., Fung, W.C., Wong, M.H., 2018. Fate 

of bisphenol A, perfluorooctanoic acid and perfluorooctanesulfonate in two 

different types of sewage treatment works in Hong Kong. Chemosphere 190, 

358–367. https://doi.org/10.1016/j.chemosphere.2017.10.001

Manaia, C.M., 2017. Assessing the Risk of Antibiotic Resistance Transmission 

from the Environment to Humans: Non-Direct Proportionality between 

Abundance and Risk. Trends Microbiol. 25, 173–181. https://doi.org/10.1016/j.

tim.2016.11.014

Mao, J., Nierop, K.G.J., Dekker, S.C., Dekker, L.W., Chen, B., 2019. Understanding 

the mechanisms of soil water repellency from nanoscale to ecosystem scale: 

a review. J. Soils Sediments 19, 171–185. https://doi.org/10.1007/s11368-018-

2195-9

Martin, O., Scholze, M., Ermler, S., McPhie, J., Bopp, S.K., Kienzler, A., Parissis, N., 

Kortenkamp, A., 2021. Ten years of research on synergisms and antagonisms 

in chemical mixtures: A systematic review and quantitative reappraisal 

of mixture studies. Environ. Int. 146, 106206. https://doi.org/10.1016/j.

envint.2020.106206

Martínez, J., Reca, J., 2014. Water Use Efficiency of Surface Drip Irrigation versus 

an Alternative Subsurface Drip Irrigation Method. J. Irrig. Drain. Eng. 140, 

04014030. https://doi.org/10.1061/(asce)ir.1943-4774.0000745

Massoud, M.A., Kazarian, A., Alameddine, I., Al-Hindi, M., 2018. Factors 

influencing the reuse of reclaimed water as a management option to augment 

water supplies. Environ. Monit. Assess. 190. https://doi.org/10.1007/s10661-

018-6905-y

McCance, W., Jones, O.A.H., Cendón, D.I., Edwards, M., Surapaneni, A., 

Chadalavada, S., Wang, S., Currell, M., 2020. Combining environmental 

isotopes with Contaminants of Emerging Concern (CECs) to characterise 

wastewater derived impacts on groundwater quality. Water Res. 182, 1–15. 

https://doi.org/10.1016/j.watres.2020.116036

Miller, E.L., Nason, S.L., Karthikeyan, K.G., Pedersen, J.A., 2016. Root Uptake of 

Pharmaceuticals and Personal Care Product Ingredients. Environ. Sci. Technol. 

50, 525–541. https://doi.org/10.1021/acs.est.5b01546

Mourid, E.H., Lakraimi, M., Legrouri, A., 2021. Removal and Release of the 

2,4,5-Trichlorophenoxyacetic Acid Herbicide from Wastewater by Layered 

Double Hydroxides. J. Inorg. Organomet. Polym. Mater. 31, 2116–2128. https://

doi.org/10.1007/s10904-020-01845-7

Mukherjee, B., Adhikary, S., 2019. Chapter-3 Water Efficient Rice Cultivation: 

Technological Interventions, Water Efficient Rice Cultivation: Technological 

Interventions. https://doi.org/10.22271/ed.book.386

06042023 Proefschrift Dominique.indd   18506042023 Proefschrift Dominique.indd   185 07-04-2023   15:5107-04-2023   15:51



186

WATER IS TOO PRECIOUS TO WASTE	

Munz, N.A., Burdon, F.J., de Zwart, D., Junghans, M., Melo, L., Reyes, M., 

Schönenberger, U., Singer, H.P., Spycher, B., Hollender, J., Stamm, C., 2016. 

Pesticides drive risk of micropollutants in wastewater-impacted streams 

during low flow conditions. Water Res. 110, 366–377. https://doi.org/10.1016/j.

watres.2016.11.001

Münze, R., Hannemann, C., Orlinskiy, P., Gunold, R., Paschke, A., Foit, K., Becker, 

J., Kaske, O., Paulsson, E., Peterson, M., Jernstedt, H., Kreuger, J., Schüürmann, 

G., Liess, M., 2017. Pesticides from wastewater treatment plant effluents affect 

invertebrate communities. Sci. Total Environ. 599–600, 387–399. https://doi.

org/10.1016/j.scitotenv.2017.03.008

Murrell, K.A., Teehan, P.D., Dorman, F.L., 2021. Determination of contaminants of 

emerging concern and their transformation products in treated-wastewater 

irrigated soil and corn. Chemosphere 281, 130735. https://doi.org/10.1016/j.

chemosphere.2021.130735

Narain-Ford, Dominique; van Wezel, Annemarie; Helmus, Rick; Dekker, Stefan; 

Bartholomeus, R., 2022. Data for “Soil self-cleaning capacity: Removal of 

organic compounds during sub-surface irrigation.” Mendeley Data V1. https://

doi.org/10.17632/4x77nynfnx.1

Narain-Ford, D.M., Bartholomeus, R.P., Dekker, S.C., van Wezel, A.P., 2020. Natural 

Purification Through Soils: Risks and Opportunities of Sewage Effluent Reuse 

in Sub-surface Irrigation. Rev. Environ. Contam. Toxicol. 250, 85–117. https://

doi.org/10.1007/398_2020_49

Narain-Ford, D.M., Bartholomeus, R.P., Raterman, B., van Zaanen, I., ter Laak, 

T.T., van Wezel, A.P., Dekker, S.C., 2021. Shifting the imbalance: Intentional 

reuse of Dutch sewage effluent in sub-surface irrigation. Sci. Total Environ. 

752, 142214. https://doi.org/10.1016/j.scitotenv.2020.142214

Narain-ford, D.M., Wezel, A.P. Van, Helmus, R., Dekker, S.C., Bartholomeus, R.P., 

2022. Soil self-cleaning capacity : Removal of organic compounds during 

sub-surface irrigation with sewage effluent. Water Res. 226, 119303. https://

doi.org/10.1016/j.watres.2022.119303

Ncube, S., Madikizela, L.M., Chimuka, L., Nindi, M.M., 2018. Environmental 

fate and ecotoxicological effects of antiretrovirals: A current global status 

and future perspectives. Water Res. 145, 231–247. https://doi.org/10.1016/j.

watres.2018.08.017

Nguyen, T., Westerhoff, P., Furlong, E., Kolpin, D.W., Batt, A.L., Mash, H.E., M, S.K., 

J, B.S., Jacelyn, R., Glassmeyer, S.T., 2018. Peer Reviewed Modeled De Facto 

Reuse and Contaminants of Emerging Concern in Drinking Water Source.

Nguyen, X.C., Tran, T.C.P., Hoang, V.H., Nguyen, T.P., Chang, S.W., Nguyen, D.D., 

Guo, W., Kumar, A., La, D.D., Bach, Q.V., 2020. Combined biochar vertical flow 

06042023 Proefschrift Dominique.indd   18606042023 Proefschrift Dominique.indd   186 07-04-2023   15:5107-04-2023   15:51



187

and free-water surface constructed wetland system for dormitory sewage 

treatment and reuse. Sci. Total Environ. 713, 136404. https://doi.org/10.1016/j.

scitotenv.2019.136404

Nham, H.T.T., Greskowiak, J., Nödler, K., Rahman, M.A., Spachos, T., Rusteberg, 

B., Massmann, G., Sauter, M., Licha, T., 2015. Modeling the transport behavior 

of 16 emerging organic contaminants during soil aquifer treatment. Sci. Total 

Environ. 514, 450–458. https://doi.org/10.1016/j.scitotenv.2015.01.096

Nohmi, T., 2018. Thresholds of genotoxic and non-genotoxic carcinogens. Toxicol. 

Res. 34, 281–290. https://doi.org/10.5487/TR.2018.34.4.281

NORMAN, 2019. NORMAN Suspect List Exchange [WWW Document]. URL 

https://www.norman-network.com/?q=suspect-list-exchange

NWO, 2022. Closed Cycles [WWW Document]. URL https://www.nwo.nl/en/

researchprogrammes/closed-cycles (accessed 9.30.22).

Orange County Water District (OCWD), 2019. Water Factory 21.

Organization for Economic Cooperation and Development., 2002. Test No. 307: 

Aerobic and anaerobic transformation in soil 1–17.

Oropeza, D.L.S., Martín, G.S., Solís-Weiss, V., 2012. The genus Syllis (Polychaeta: 

Syllidae: Syllinae) in the southern Mexican Pacific, with the description of 

two new species and three new records, Zootaxa. https://doi.org/10.11646/

zootaxa.3263.1.2

Pan, M., Wong, C.K.C., Chu, L.M., 2014. Distribution of antibiotics in wastewater-

irrigated soils and their accumulation in vegetable crops in the Pearl River 

Delta, Southern China. J. Agric. Food Chem. 62, 11062–11069. https://doi.

org/10.1021/jf503850v

Pan, Z., Song, C., Li, L., Wang, H., Pan, Y., Wang, C., Li, J., Wang, T., Feng, X., 2019. 

Membrane technology coupled with electrochemical advanced oxidation 

processes for organic wastewater treatment: Recent advances and future 

prospects. Chem. Eng. J. 1–19. https://doi.org/10.1016/j.cej.2019.01.188

Park, J., Cho, K.H., Lee, E., Lee, S., Cho, J., 2018. Sorption of pharmaceuticals to 

soil organic matter in a constructed wetland by electrostatic interaction. Sci. 

Total Environ. 635, 1345–1350. https://doi.org/10.1016/j.scitotenv.2018.04.212

Partyka, M.L., Bond, R.F., 2022. Wastewater reuse for irrigation of produce: A 

review of research, regulations, and risks. Sci. Total Environ. 828, 154385. 

https://doi.org/10.1016/j.scitotenv.2022.154385

Peng, L., Zhang, X.T., Yin, J., Xu, S.Y., Zhang, Y., Xie, D.T., Li, Z.L., 2016. Geobacter 

sulfurreducens adapts to low electrode potential for extracellular electron 

transfer. Electrochim. Acta 191, 743–749. https://doi.org/10.1016/j.

electacta.2016.01.033

06042023 Proefschrift Dominique.indd   18706042023 Proefschrift Dominique.indd   187 07-04-2023   15:5107-04-2023   15:51



188

WATER IS TOO PRECIOUS TO WASTE	

Pepper, I.L., Gerba, C.P., 2018. Risk of infection from Legionella associated with 

spray irrigation of reclaimed water. Water Res. 139, 101–107. https://doi.

org/10.1016/j.watres.2018.04.001

Pereira, A.M.P.T., Silva, L.J.G., Lino, C.M., Meisel, L.M., Pena, A., 2016. Assessing 

environmental risk of pharmaceuticals in Portugal: An approach for the 

selection of the Portuguese monitoring stations in line with Directive 

2013/39/EU. Chemosphere 144, 2507–2515. https://doi.org/10.1016/j.

chemosphere.2015.10.100

Petrie, B., Barden, R., Kasprzyk-Hordern, B., 2014. A review on emerging 

contaminants in wastewaters and the environment: Current knowledge, 

understudied areas and recommendations for future monitoring. Water Res. 

72, 3–27. https://doi.org/10.1016/j.watres.2014.08.053

Petrie, B., Rood, S., Smith, B.D., Proctor, K., Youdan, J., Barden, R., Kasprzyk-

Hordern, B., 2018. Biotic phase micropollutant distribution in horizontal sub-

surface flow constructed wetlands. Sci. Total Environ. 630, 648–657. https://

doi.org/10.1016/j.scitotenv.2018.02.242

Philip, S.Y., Kew, S.F., Van Der Wiel, K., Wanders, N., Jan Van Oldenborgh, G., Philip, 

S.Y., 2020. Regional differentiation in climate change induced drought trends 

in the Netherlands. Environ. Res. Lett. 15. https://doi.org/10.1088/1748-9326/

ab97ca

Picó, Y., Alvarez-Ruiz, R., Alfarhan, A.H., El-Sheikh, M.A., Alobaid, S.M., Barceló, 

D., 2019. Uptake and accumulation of emerging contaminants in soil and 

plant treated with wastewater under real-world environmental conditions 

in the Al Hayer area (Saudi Arabia). Sci. Total Environ. 652, 562–572. https://

doi.org/10.1016/j.scitotenv.2018.10.224

Poff, N.L.R., 2018. Beyond the natural flow regime? Broadening the hydro-

ecological foundation to meet environmental flows challenges in a non-

stationary world. Freshw. Biol. 63, 1011–1021. https://doi.org/10.1111/

fwb.13038

Pörtner, H., Roberts, D., Tignor, M., Poloczanska, E., Mintenbeck, K., Alegría, A., 

Craig, M., Langsdorf, S., Löschke, S., Möller, V., Okem, A., Rama, B., Adams, H., 

Adelekan, I., Adler, C., Adrian, R., Aldunce, P., Ali, E., Ara Begum, R., Bednar-

Friedl, B., Bezner Kerr, R., Biesbroek, R., Birkmann, J., Bowen, K., Caretta, 

M., Carnicer, J., Castellanos, E., Cheong, T., Chow, W., Cissé, G., Clayton, S., 

Constable, A., Cooley, S., Costello, M., Cramer, W., Dawson, R., Dodman, D., 

Efitre, J., Garschagen, M., Gilmore, E., Glavovic, B., Gutzler, D., Haasnoot, M., 

Harper, S., Hasegawa, T., Hayward, B., Hicke, J., Hirabayashi, Y., Huang, C., 

Kalaba, K., Kiessling, W., Kitoh, A., Lasco, R., Lawrence, J., Lemos, M., Lempert, 

R., Lennard, C., Ley, D., Lissner, T., Liu, Q., Liwenga, E., Lluch-Cota, S., Lucatello, 

06042023 Proefschrift Dominique.indd   18806042023 Proefschrift Dominique.indd   188 07-04-2023   15:5107-04-2023   15:51



189

S., Luo, Y., Mackey, B., Mirzabaev, A., Moncassim Vale, M., Mortsch, L., Mukherji, 

A., Mustonen, T., Mycoo, M., Nalau, J., New, M., Ometto, J., Pandey, R., Parmesan, 

C., Pelling, M., Pinho, P., Pinnegar, J., Prakash, A., Preston, B., Racault, M., 

Reckien, D., Revi, A., Rose, S., Schipper, E., Schmidt, D., Schoeman, D., Shaw, R., 

Simpson, N., Singh, C., Solecki, W., Stringer, L., Totin, E., Trisos, C., Trisurat, Y., 

van Aalst, M., Viner, D., Wairu, M., Warren, R., Wester, P., Wrathall, D., Zaiton 

Ibrahim, Z., Summary H-O Pörtner, T., Begum, A., Benjaminsen, T., Bernauer, 

T., Cui, X., Mach, K., Nagy, G., Stenseth, N., Sukumar, R., 2022. Climate Change 

2022: Impacts, Adaptation and Vulnerability Working Group II Contribution to 

the IPCC Sixth Assessment Report Citations to the Sixth Assessment Report 

of the Intergovernmental Panel on Climate Change [ to the Sixth Assessment 

Report of the . https://doi.org/10.1017/9781009325844.Front

Posthuma, L., van Gils, J., Zijp, M.C., van de Meent, D., de Zwartd, D., 2019. Species 

sensitivity distributions for use in environmental protection, assessment, and 

management of aquatic ecosystems for 12 386 chemicals. Environ. Toxicol. 

Chem. 38, 703–711. https://doi.org/10.1002/etc.4373

Poursat, B.A.J., van Spanning, R.J.M., de Voogt, P., Parsons, J.R., 2019. Implications 

of microbial adaptation for the assessment of environmental persistence of 

chemicals. Crit. Rev. Environ. Sci. Technol. 49, 2220–2255. https://doi.org/10.

1080/10643389.2019.1607687

Price, J., Fielding, K.S., Gardner, J., Leviston, Z., Green, M., 2015. Developing 

effective messages about potable recycled water: The importance of 

message structure and content. Water Resour. Res. 51, 2174–2187. https://

doi.org/10.1002/2014WR016514

Price, J.R., Ledford, S.H., Ryan, M.O., Toran, L., Sales, C.M., 2018. Wastewater 

treatment plant effluent introduces recoverable shifts in microbial community 

composition in receiving streams. Sci. Total Environ. 613–614, 1104–1116. 

https://doi.org/10.1016/j.scitotenv.2017.09.162

Proctor, K., Petrie, B., Lopardo, L., Muñoz, D.C., Rice, J., Barden, R., Arnot, T., 

Kasprzyk-Hordern, B., 2021. Micropollutant fluxes in urban environment 

– A catchment perspective. J. Hazard. Mater. 401. https://doi.org/10.1016/j.

jhazmat.2020.123745

Quesada, H.B., Baptista, A.T.A., Cusioli, L.F., Seibert, D., de Oliveira Bezerra, C., 

Bergamasco, R., 2019. Surface water pollution by pharmaceuticals and an 

alternative of removal by low-cost adsorbents: A review. Chemosphere 222, 

766–780. https://doi.org/10.1016/j.chemosphere.2019.02.009

R Core Team, 2021. R: A language and environment for statistical computing. 

R Foundation for Statistical Computing, Vienna, Austria.

06042023 Proefschrift Dominique.indd   18906042023 Proefschrift Dominique.indd   189 07-04-2023   15:5107-04-2023   15:51



190

WATER IS TOO PRECIOUS TO WASTE	

Rakovec, O., Samaniego, L., Hari, V., Markonis, Y., Moravec, V., Thober, S., Hanel, 

M., Kumar, R., 2022. The 2018–2020 Multi-Year Drought Sets a New Benchmark 

in Europe. Earth’s Futur. 10, 1–11. https://doi.org/10.1029/2021EF002394

Reemtsma, T., Berger, U., Arp, H.P.H., Gallard, H., Knepper, T.P., Neumann, M., 

Quintana, J.B., Voogt, P. De, 2016. Mind the Gap: Persistent and Mobile Organic 

Compounds - Water Contaminants That Slip Through. Environ. Sci. Technol. 

50, 10308–10315. https://doi.org/10.1021/acs.est.6b03338

Reid, T., Droppo, I.G., Weisener, C.G., 2020. Tracking functional bacterial biomarkers 

in response to a gradient of contaminant exposure within a river continuum. 

Water Res. 168, 115167. https://doi.org/10.1016/j.watres.2019.115167

Ren, X., Zeng, G., Tang, L., Wang, J., Wan, J., Liu, Y., Yu, J., Yi, H., Ye, S., Deng, R., 

2018. Sorption, transport and biodegradation – An insight into bioavailability 

of persistent organic pollutants in soil. Sci. Total Environ. 610–611, 1154–1163. 

https://doi.org/10.1016/j.scitotenv.2017.08.089

Rengasamy, P., 2018. Irrigation Water Quality and Soil Structural Stability: A 

Perspective with Some New Insights. Agronomy 8, 72. https://doi.org/10.3390/

agronomy8050072

Revitt, D.M., Lundy, L., Fatta-Kassinos, D., 2021. Development of a qualitative 

approach to assessing risks associated with the use of treated wastewater in 

agricultural irrigation. J. Hazard. Mater. 406, 124286. https://doi.org/10.1016/j.

jhazmat.2020.124286

Rey, D., Holman, I.P., Knox, J.W., 2017. Developing drought resilience in irrigated 

agriculture in the face of increasing water scarcity. Reg. Environ. Chang. 17, 

1527–1540. https://doi.org/10.1007/s10113-017-1116-6

Ricart, S., Rico, A.M., Ribas, A., 2019. Risk-yuck factor nexus in reclaimed 

wastewater for irrigation: Comparing farmers’ attitudes and public perception. 

Water (Switzerland) 11. https://doi.org/10.3390/w11020187

Rice, J., Wutich, A., White, D.D., Westerhoff, P., 2016. Comparing actual de facto 

wastewater reuse and its public acceptability: A three city case study. Sustain. 

Cities Soc. 27, 467–474. https://doi.org/10.1016/j.scs.2016.06.007

Richards, S., Withers, P.J.A., Paterson, E., McRoberts, C.W., Stutter, M., 2017. 

Removal and attenuation of sewage effluent combined tracer signals of 

phosphorus, caffeine and saccharin in soil. Environ. Pollut. 223, 277–285. 

https://doi.org/10.1016/j.envpol.2017.01.024

Riemenschneider, C., Al-Raggad, M., Moeder, M., Seiwert, B., Salameh, E., 

Reemtsma, T., 2016. Pharmaceuticals, Their Metabolites, and Other Polar 

Pollutants in Field-Grown Vegetables Irrigated with Treated Municipal 

Wastewater. J. Agric. Food Chem. 64, 5784–5792. https://doi.org/10.1021/acs.

jafc.6b01696

06042023 Proefschrift Dominique.indd   19006042023 Proefschrift Dominique.indd   190 07-04-2023   15:5107-04-2023   15:51



191

Ritz, C., Baty, F., Streibig, J.C., Gerhard, D., 2015. Dose-response analysis using R. 

PLoS One 10, 1–13. https://doi.org/10.1371/journal.pone.0146021

Riva, F., Zuccato, E., Davoli, E., Fattore, E., Castiglioni, S., 2019. Risk assessment of 

a mixture of emerging contaminants in surface water in a highly urbanized 

area in Italy. J. Hazard. Mater. 361, 103–110. https://doi.org/10.1016/j.

jhazmat.2018.07.099

Rizzo, L., Krätke, R., Linders, J., Scott, M., Vighi, M., de Voogt, P., 2018. Proposed 

EU minimum quality requirements for water reuse in agricultural irrigation 

and aquifer recharge: SCHEER scientific advice. Curr. Opin. Environ. Sci. Heal. 

2, 7–11. https://doi.org/10.1016/j.coesh.2017.12.004

Rizzo, L., Malato, S., Antakyali, D., Beretsou, V.G., Đolić, M.B., Gernjak, W., Heath, 

E., Ivancev-Tumbas, I., Karaolia, P., Lado Ribeiro, A.R., Mascolo, G., McArdell, 

C.S., Schaar, H., Silva, A.M.T., Fatta-Kassinos, D., 2019. Consolidated vs new 

advanced treatment methods for the removal of contaminants of emerging 

concern from urban wastewater. Sci. Total Environ. 655, 986–1008. https://

doi.org/10.1016/j.scitotenv.2018.11.265

Roberts, J., Kumar, A., Du, J., Hepplewhite, C., Ellis, D.J., Christy, A.G., Beavis, S.G., 

2016. Pharmaceuticals and personal care products (PPCPs) in Australia’s 

largest inland sewage treatment plant, and its contribution to a major 

Australian river during high and low flow. Sci. Total Environ. 541, 1625–1637. 

https://doi.org/10.1016/j.scitotenv.2015.03.145

Royal Society of Chemistry, 2022. Chemspider [WWW Document]. URL http://

www.chemspider.com/ (accessed 10.10.21).

Ruff, M., Mueller, M.S., Loos, M., Singer, H.P., 2015. Quantitative target and 

systematic non-target analysis of polar organic micro-pollutants along 

the river Rhine using high-resolution mass-spectrometry - Identification 

of unknown sources and compounds. Water Res. 87, 145–154. https://doi.

org/10.1016/j.watres.2015.09.017

SCHER, 2011. Scientific Committee on Health and Environmental Risks SCHER 

Scientific Committee on Emerging and Newly Identified Health Risks SCENIHR 

Scientific Committee on Consumer Safety SCCS Toxicity and Assessment of 

Chemical Mixtures. Eur. commision Toxic. Assess. Chem. Mix. 1–50. https://

doi.org/10.2772/37863

Schmitt, H., Blaak, H., Kemper, M., van Passel, M., Hierink, F., van Leuken, J., De 

Roda Husman, A.M., van der Grinten, E., Rutgers, M., Schijven, R., de Man, H., 

Hoeksma, P., Zuidema, T., 2017. Bronnen va antibioticaresistentie in het milieu 

en mogelijke maatregelen 114. https://doi.org/10.21945/RIVM-2017-0058

06042023 Proefschrift Dominique.indd   19106042023 Proefschrift Dominique.indd   191 07-04-2023   15:5107-04-2023   15:51



192

WATER IS TOO PRECIOUS TO WASTE	

Schulze, S., Sättler, D., Neumann, M., Arp, H.P.H., Reemtsma, T., Berger, U., 2018. 

Using REACH registration data to rank the environmental emission potential 

of persistent and mobile organic chemicals. Sci. Total Environ. 625, 1122–1128. 

https://doi.org/10.1016/j.scitotenv.2017.12.305

Schulze, S., Zahn, D., Montes, R., Rodil, R., Quintana, J.B., Knepper, T.P., Reemtsma, 

T., Berger, U., 2019. Occurrence of emerging persistent and mobile organic 

contaminants in European water samples 153, 80–90. https://doi.org/10.1016/j.

watres.2019.01.008

Schwarzenbach*, R.P., Escher, B.I., Fenner, K., Hofstetter, T.B., Johnson, C.A., 

Gunten, U. von, Wehrli, B., 2006. The Challenge of Micropollutants in Aquatic 

Systems. Science (80-. ). 313, 1072–1077.

Serna-Galvis, E.A., Botero-Coy, A.M., Martínez-Pachón, D., Moncayo-Lasso, A., 

Ibáñez, M., Hernández, F., Torres-Palma, R.A., 2019. Degradation of seventeen 

contaminants of emerging concern in municipal wastewater effluents by 

sonochemical advanced oxidation processes. Water Res. 154, 349–360. https://

doi.org/10.1016/j.watres.2019.01.045

Shakir, E., Zahraw, Z., Al-Obaidy, A.H.M.J., 2017. Environmental and health risks 

associated with reuse of wastewater for irrigation. Egypt. J. Pet. 26, 95–102. 

https://doi.org/10.1016/j.ejpe.2016.01.003

Shenker, M., Harush, D., Ben-Ari, J., Chefetz, B., 2011. Uptake of carbamazepine by 

cucumber plants - A case study related to irrigation with reclaimed wastewater. 

Chemosphere 82, 905–910. https://doi.org/10.1016/j.chemosphere.2010.10.052

Singleton, D.R., Adrion, A.C., Aitken, M.D., 2016. Surfactant-induced bacterial 

community changes correlated with increased polycyclic aromatic 

hydrocarbon degradation in contaminated soil. Appl. Microbiol. Biotechnol. 

100, 10165–10177. https://doi.org/10.1007/s00253-016-7867-z

Siyal, A.A., Skaggs, T.H., 2009. Measured and simulated soil wetting patterns 

under porous clay pipe sub-surface irrigation. Agric. Water Manag. 96, 893–

904. https://doi.org/10.1016/j.agwat.2008.11.013

Sjerps, R.M.A., Vughs, D., van Leerdam, J.A., ter Laak, T.L., van Wezel, A.P., 

2016. Data-driven prioritization of chemicals for various water types using 

suspect screening LC-HRMS. Water Res. 93, 254–264. https://doi.org/10.1016/j.

watres.2016.02.034

Smith, H.M., Brouwer, S., Jeffrey, P., Frijns, J., 2018. Public responses to water 

reuse – Understanding the evidence. J. Environ. Manage. 207, 43–50. https://

doi.org/10.1016/j.jenvman.2017.11.021

Sopilniak, A., Elkayam, R., Rossin, A.V., Lev, O., 2018. Emerging organic pollutants 

in the vadose zone of a soil aquifer treatment system: Pore water extraction 

using positive displacement. Chemosphere 190, 383–392. https://doi.

org/10.1016/j.chemosphere.2017.10.010

06042023 Proefschrift Dominique.indd   19206042023 Proefschrift Dominique.indd   192 07-04-2023   15:5107-04-2023   15:51



193

Sousa, J.C.G., Ribeiro, A.R., Barbosa, M.O., Pereira, M.F.R., Silva, A.M.T., 2017. A 

review on environmental monitoring of water organic pollutants identified 

by EU guidelines. J. Hazard. Mater. 344, 146–162. https://doi.org/10.1016/j.

jhazmat.2017.09.058

Šteflová, M., Koop, S., Elelman, R., Vinyoles, J., Van Leeuwen, C.J.K., 2018. Governing 

non-potablewater-reuse to alleviate water stress: The case of Sabadell, spain. 

Water (Switzerland) 10, 1–16. https://doi.org/10.3390/w10060739

Stuyt, L.C.P.M., 2013. Regelbare drainage als schakel in toekomstbestendig 

waterbeheer. Alterra report 2370, STOWA.

Tal, A., 2016. Rethinking the sustainability of Israel’s irrigation practices in the 

Drylands. Water Res. 90, 387–394. https://doi.org/10.1016/j.watres.2015.12.016

The European Parliament and the Council of the European Union, 2020. 

REGULATION (EU) 2020/741 OF THE EUROPEAN PARLIAMENT AND OF THE 

COUNCIL of 25 May 2020 on minimum requirements for water reuse.

THE EUROPEAN PARLIAMENT AND THE COUNCIL OF THE EUROPEAN UNION, 

2005. REGULATION (EC) No 183/2005 OF THE EUROPEAN PARLIAMENT AND 

OF THE COUNCIL of 12 January 2005 laying down requirements for feed 

hygiene. Off. J. Eur. Union 2004.

Thebo, A.L., Drechsel, P., Lambin, E.F., Nelson, K.L., 2017. A global, spatially-

explicit assessment of irrigated croplands influenced by urban wastewater 

flows. Environ. Res. Lett. 12. https://doi.org/10.1088/1748-9326/aa75d1

Thomaidi, V.S., Stasinakis, A.S., Borova, V.L., Thomaidis, N.S., 2016. Assessing 

the risk associated with the presence of emerging organic contaminants in 

sludge-amended soil: A country-level analysis. Sci. Total Environ. 548–549, 

280–288. https://doi.org/10.1016/j.scitotenv.2016.01.043

Tran, H.N., You, S.J., Hosseini-Bandegharaei, A., Chao, H.P., 2017. Mistakes 

and inconsistencies regarding adsorption of contaminants from aqueous 

solutions: A critical review. Water Res. 120, 88–116. https://doi.org/10.1016/j.

watres.2017.04.014

Tran, N.H., Reinhard, M., Gin, K.Y.H., 2018. Occurrence and fate of emerging 

contaminants in municipal wastewater treatment plants from different 

geographical regions-a review. Water Res. 133, 182–207. https://doi.

org/10.1016/j.watres.2017.12.029

UN-Water, 2018. Sustainable Development Goal 6 Synthesis Report on Water 

and Sanitation 2018, Un. https://doi.org/10.1126/science.278.5339.827

USEPA, 2012. Guidelines for Water Reuse. U.S. Agency Int. Dev. 643. https://doi.

org/EPA16251R-921004

van den Eertwegh, G.A.P.H.Terink, W., van Bakel, P.J.T., Droogers, P., 2013. 

KlimaatAdaptieve Drainage; Analyse van kosten en baten voor waterbeheerder 

en agrariër. Wageningen, FutureWater Report 120.

06042023 Proefschrift Dominique.indd   19306042023 Proefschrift Dominique.indd   193 07-04-2023   15:5107-04-2023   15:51



194

WATER IS TOO PRECIOUS TO WASTE	

Van den Eertwegh, G., van Bakel, P., Stuyt, L., van Iersel, A., Kuipers, L., Talsma, M., 

2013. KlimaatAdaptieve Drainage: een innovatieve methode om piekafvoeren 

en watertekorten te verminderen. Eindrapportage Fase 2 ‘Onderzoek en 

Ontwikkeling’. Ref. SBIR113008.

Van Der Gaast, J., Massop, H., Vroon, H., Staritsky, I., 2007. Hydrologie op basis 

van karteerbare kenmerken. H2O 19, 65–68.

van der Meer, R.W., 2016. Watergebruik in de agrarische sector 2013 en 2014. 

Wageningen, LEI Wageningen UR (University Res. centre). https://doi.

org/10.18174/390653

Van Stempvoort, D.R., Brown, S.J., Spoelstra, J., Garda, D., Robertson, W.D., Smyth, 

S.A., 2020. Variable persistence of artificial sweeteners during wastewater 

treatment: Implications for future use as tracers. Water Res. 184, 116124. 

https://doi.org/10.1016/j.watres.2020.116124

van Wezel, A.P., van den Hurk, F., Sjerps, R.M.A., Meijers, E.M., Roex, E.W.M., 

ter Laak, T.L., 2018. Impact of industrial waste water treatment plants on 

Dutch surface waters and drinking water sources. Sci. Total Environ. 640–641, 

1489–1499. https://doi.org/10.1016/j.scitotenv.2018.05.325

Voulvoulis, N., 2018. Water reuse from a circular economy perspective and 

potential risks from an unregulated approach. Curr. Opin. Environ. Sci. Heal. 

2, 32–45. https://doi.org/10.1016/j.coesh.2018.01.005

Waals, M.J. Van Der, Pijls, C., Sinke, A.J.C., Langenhoff, A.A.M., Smidt, H., Gerritse, 

J., 2018. Anaerobic degradation of a mixture of MtBE , EtBE , TBA , and benzene 

under different redox conditions. https://doi.org/10.1007/s00253-018-8853-4

Wada, Y., Wisser, D., Bierkens, M.F.P., 2014. Global modeling of withdrawal, 

allocation and consumptive use of surface water and groundwater resources. 

Earth Syst. Dyn. 5, 15–40. https://doi.org/10.5194/esd-5-15-2014

Wagner, T. V., Parsons, J.R., Rijnaarts, H.H.M., de Voogt, P., Langenhoff, A.A.M., 

2018. A review on the removal of conditioning chemicals from cooling tower 

water in constructed wetlands. Crit. Rev. Environ. Sci. Technol. 48, 1094–1125. 

https://doi.org/10.1080/10643389.2018.1512289

Wang, J., Zhang, C., Poursat, B.A.J., de Ridder, D., Smidt, H., van der Wal, A., Sutton, 

N.B., 2022. Unravelling the contribution of nitrifying and methanotrophic 

bacteria to micropollutant co-metabolism in rapid sand filters. J. Hazard. 

Mater. 424, 127760. https://doi.org/10.1016/j.jhazmat.2021.127760

Wang, L., Hossen, E.H., Aziz, T.N., Ducoste, J.J., de los Reyes, F.L., 2020. Increased 

loading stress leads to convergence of microbial communities and high 

methane yields in adapted anaerobic co-digesters. Water Res. 169, 115155. 

https://doi.org/10.1016/j.watres.2019.115155

06042023 Proefschrift Dominique.indd   19406042023 Proefschrift Dominique.indd   194 07-04-2023   15:5107-04-2023   15:51



195

Wang, Z., Walker, G.W., Muir, D.C.G., Nagatani-Yoshida, K., 2020. Toward a Global 

Understanding of Chemical Pollution: A First Comprehensive Analysis of 

National and Regional Chemical Inventories. Environ. Sci. Technol. 54, 2575–

2584. https://doi.org/10.1021/acs.est.9b06379

Wilkinson, J.L., Boxall, A.B.A., Kolpin, D.W., Leung, K.M.Y., Lai, R.W.S., Wong, D., 

Ntchantcho, R., Pizarro, J., Mart, J., Echeverr, S., Garric, J., Chaumot, A., Gibba, 

P., Kunchulia, I., Seidensticker, S., Lyberatos, G., Morales-salda, J.M., Kang, H., 

2022. Pharmaceutical pollution of the world ’ s rivers 119, 1–10. https://doi.

org/10.1073/pnas.2113947119/-/DCSupplemental.Published

Winkler, P., Kaiser, K., Jahn, R., Mikutta, R., Fiedler, S., Cerli, C., Kölbl, A., Schulz, 

S., Jankowska, M., Schloter, M., Müller-Niggemann, C., Schwark, L., Woche, 

S.K., Kümmel, S., Utami, S.R., Kalbitz, K., 2019. Tracing organic carbon and 

microbial community structure in mineralogically different soils exposed 

to redox fluctuations. Biogeochemistry 143, 31–54. https://doi.org/10.1007/

s10533-019-00548-7

de Wit, J.A.J., Ritsema, C.J.C., Dam, J.C.J. Van, Eertwegh, V. Den, Bartholomeus, R.P.R., 

2022. Development of subsurface drainage systems : Discharge – retention 

– recharge. Agric. Water Manag. 269, 107677. https://doi.org/10.1016/j.

agwat.2022.107677

Witte, J.P.M., Zaadnoordijk, W.J., Buyse, J.J., 2019. Forensic hydrology reveals 

why groundwater tables in the province of Noord Brabant (the Netherlands) 

dropped more than expected. Water (Switzerland) 11, 1–14. https://doi.

org/10.3390/w11030478

Wolff, E., van Vliet, M.T.H., 2021. Impact of the 2018 drought on pharmaceutical 

concentrations and general water quality of the Rhine and Meuse rivers. Sci. 

Total Environ. 778, 146182. https://doi.org/10.1016/j.scitotenv.2021.146182

World Health Organization, 2006. Excreta and Greywater in Agriculture. 

Guidel. Safe Use Wastewater, Excreta, Greywater Vol. II Wa, 204. https://doi.

org/10.1007/s13398-014-0173-7.2

Wösten, H., De Vries, F., Hoogland, T., Massop, H.T.L., Veldhuizen, A.A., Vroon, 

H., Wesseling, J., Heijkers, J., Bolman, A., 2013. BOFEK2012, de nieuwe, 

bodemfysische schematisatie van Nederland. Wageningen, Alterra report 

2387.

Wu, L., Shen, M., Li, J., Huang, S., Li, Z., Yan, Z., Peng, Y., 2019. Cooperation 

between partial-nitrification, complete ammonia oxidation (comammox), 

and anaerobic ammonia oxidation (anammox) in sludge digestion liquid 

for nitrogen removal. Environ. Pollut. 254, 112965. https://doi.org/10.1016/j.

envpol.2019.112965

06042023 Proefschrift Dominique.indd   19506042023 Proefschrift Dominique.indd   195 07-04-2023   15:5107-04-2023   15:51



196

WATER IS TOO PRECIOUS TO WASTE	

Yadav, M.K., Short, M.D., Aryal, R., Gerber, C., van den Akker, B., Saint, C.P., 2017. 

Occurrence of illicit drugs in water and wastewater and their removal during 

wastewater treatment. Water Res. 124, 713–727. https://doi.org/10.1016/j.

watres.2017.07.068

Yang, Y., Ok, Y.S., Kim, K.H., Kwon, E.E., Tsang, Y.F., 2017. Occurrences and removal 

of pharmaceuticals and personal care products (PPCPs) in drinking water 

and water/sewage treatment plants: A review. Sci. Total Environ. 596–597, 

303–320. https://doi.org/10.1016/j.scitotenv.2017.04.102

Zaan, B.M. Van Der, Saia, F.T., Stams, A.J.M., Plugge, C.M., Vos, W.M. De, Smidt, H., 

Langenhoff, A.A.M., Gerritse, J., 2012. Anaerobic benzene degradation under 

denitrifying conditions : Peptococcaceae as dominant benzene degraders 

and evidence for a syntrophic process 14, 1171–1181. https://doi.org/10.1111/

j.1462-2920.2012.02697.x

Zapata, N., Robles, O., Playán, E., Paniagua, P., Romano, C., Salvador, R., Montoya, 

F., 2018. Low-pressure sprinkler irrigation in maize: Differences in water 

distribution above and below the crop canopy. Agric. Water Manag. 203, 

353–365. https://doi.org/10.1016/j.agwat.2018.03.025

Zhang, Y., Sallach, J.B., Hodges, L., Snow, D.D., Bartelt-Hunt, S.L., Eskridge, 

K.M., Li, X., 2016. Effects of soil texture and drought stress on the uptake 

of antibiotics and the internalization of Salmonella in lettuce following 

wastewater irrigation. Environ. Pollut. 208, 523–531. https://doi.org/10.1016/j.

envpol.2015.10.025

Zhao, W., Wang, B., Wang, Y., Deng, S., Huang, J., Yu, G., 2017. Deriving acute and 

chronic predicted no effect concentrations of pharmaceuticals and personal 

care products based on species sensitivity distributions. Ecotoxicol. Environ. 

Saf. 144, 537–542. https://doi.org/10.1016/j.ecoenv.2017.06.058

Zheng, G., Yu, B., Wang, Y., Ma, C., Chen, T., 2020. Removal of triclosan during 

wastewater treatment process and sewage sludge composting—A case study 

in the middle reaches of the Yellow River. Environ. Int. 134, 105300. https://

doi.org/10.1016/j.envint.2019.105300

Zscheischler, J., Fischer, E.M., 2020. The record-breaking compound hot and dry 

2018 growing season in Germany. Weather Clim. Extrem. 29, 100270. https://

doi.org/10.1016/j.wace.2020.100270

06042023 Proefschrift Dominique.indd   19606042023 Proefschrift Dominique.indd   196 07-04-2023   15:5107-04-2023   15:51



197

Summary

Worldwide, freshwater scarcity is often caused by a high demand 

from the agricultural sector that globally accounts for 69% of fresh 

water withdrawal. This is not only an issue for arid regions with low 

rainfall and high population density that are prone to increasing 

water stress; temperate areas with intense agriculture also suffer 

from frequent non-potable water shortages. The intentional reuse of 

sewage treatment plant (STP) effluent in sub-surface irrigation (SSI), 

which is currently discharged in large volumes to surface water, may 

provide an alternative freshwater source. Additionally, the load of 

contaminants of emerging concern (CoECs) - such as pharmaceuticals, 

biocides, personal care products, and their transformation products - 

to surface water may be reduced due to soil passage and related (bio)

transformation processes. 

This dissertation focused on the re-use of STP effluent for SSI in 

agriculture which serves the dual purpose of diminishing emissions of 

CoECs into surface water and supplying water to crops. Accurate data 

on CoECs fate in SSI systems concerning STP effluent reuse is needed 

to assess the risk, opportunities and feasibility of sewage effluent reuse 

in SSI systems. After a general introduction (Chapter 1), the first task 

of this thesis was to identify the risk and opportunities associated with 

sewage effluent reuse in SSI systems based on a critical review of the 

literature (Chapter 2). The second task was to examine a full-scale 

SSI field study on the removal of CoECs based on their persistency-

mobility classes (Chapter 3). Applying herein understanding of how SSI 

systems function, a batch incubation experiment (Chapter 4) was set-

up and operated for six months to gain deeper insight into the changes 

in microbial community composition and subsequent enhanced 

biodegradation as a result of SSI with sewage effluent. And in Chapter 5 

a feasibility study was conducted in a country with a temperate climate 

that experiences periodic freshwater shortages in agriculture. For this 

purpose, the Netherlands a densely populated country with 1.9 million 

hectares (Mha) cropland and well distributed STPs across the country, 

was selected as case study. Finally, the synthesis (Chapter 6) describes 

the main concepts and developments that need to be addressed to be 

able provided to move towards upscaling SSI with STP effluent to larger 
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scales. This was done based on the findings of previous chapters, of 

which the main conclusions are summarized below.

In Chapter 2 an in depth review of the processes that affect the 

fate of CoECs in SSI systems, and the expectations with regards to 

exposure and risks are discussed. In addition, the policies and guidelines 

concerning non-potable water reuse are highlighted. Furthermore, 

knowledge gaps as well as challenges and opportunities of intentional 

STP effluent reuse via SSI are addressed with the aim of stimulating 

future research towards an enhanced understanding of the fate and 

risks of CoECs in SSI.

To gain insight into the fate of a broad selection of CoECs as 

related to their physicochemical properties, 133 residues of CoECs in 

a real scale cropland with SSI using sewage effluent were followed 

(Chapter 3). Water from 0.2 m until 11.8m below soil surface was 

sampled  from September 2017 to March 2019, which includes the 

extremely dry year 2018. Of the 133 target CoECs, 89 were retrieved in 

the field, most non-detected CoECs have low persistency. During the 

growing season with sub-surface irrigation, CoECs spread to the shallow 

groundwater and rhizosphere. Significantly lower concentrations are 

found between infiltration pipes as compared to directly next to the 

pipes in shallow groundwater for all persistency-mobility classes. 

CoECs belonging to the class pm (low persistency and low mobility) 

or class PM (high persistency and high mobility) class show no change 

amongst their removal in the rhizosphere and groundwater in a dry 

versus normal year. CoECs belonging to the class pM (low persistency 

and high mobility) show high seasonal dynamics in the rhizosphere and 

shallow groundwater, indicating that these CoECs break down. CoECs of 

the class Pm (high persistency and low mobility) only significantly build 

up in the rhizosphere next to infiltration pipes. Climatic conditions with 

dry summers and precipitation surplus and drainage in winter strongly 

affect the fate of CoECs. During the dry summer of 2018 infiltrated 

effluent is hardly diluted, resulting in significantly higher concentrations 

for the CoECs belonging to the classes pM and Pm. After the extremely 

dry year of 2018, cumulative concentrations are still significantly higher, 

while after a normal year during winter precipitation surplus removes 

CoECs. For all persistency-mobility classes in the shallow groundwater 

between the pipes, we find significant removal efficiencies. For the 

rhizosphere between the pipes, we find the same except for Pm. Next 

to the pipes however we find no significant removal for all classes in 
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both the rhizosphere and shallow groundwater and even significant 

accumulation for Pm. For this group of persistent hydrophobic CoECs 

risk characterization ratio’s were calculated for the period of time with 

the highest normalized concentration. None of the single-chemical 

RCRs are above one and the �RCR is also far below one, implying 
sufficiently safe ambient exposures. Overall the deeper groundwater 

(7.0m – 11.8m below soil surface) has the lowest response to the sub-

surface irrigation for all persistency-mobility. When adopting a SSI STP 

effluent reuse system care must be taken to monitor the CoECs that 

are (moderately) hydrophobic as these can build up in the SSI system. 

For the deeper groundwater and for the discharge to the surface water, 

we find significant removal for the pM and the PM class but not for 

other classes. In conclusion, relatively high removal efficiencies are 

shown benefiting the surface waters that would otherwise receive the 

STP effluent directly. 

Based on the findings from Chapter 3 with regards to the 

functionality of SSI systems, seasonal dependence and the fate 

of these CoECs, a controlled laboratory batch experiment was 

conducted following the OECD 307 ready biodegradability protocol 

for the unexposed community and an enhanced version of the 

test for the exposed communities (Chapter 4). From the 89 CoECs 

previously detected at our study area, which is a full-scale cropland 

with sub-surface irrigation (SSI) fed by STP, 47 are retrieved in our 

batch samples, out of which 27 parent CoECs and 3 transformation 

products were quantifiable. The biodegradation of 27 CoECs as 

well as microbial community changes were followed in this long-

term batch experiment. As a negative control, to find out whether 

microbial community diversity and composition changes are 

permanent the shallow groundwater and the deeper groundwater of 

the SSI field were collected in the winter five months after the water 

supply for the SSI system was turned off. Overall, CoECs showed 

higher biodegradation rates with the pre-exposed community than 

the unexposed community. Temporal shifts were also observed in 

the anaerobic bottles for both the pre-exposed community and 

unexposed community. Hence, the presence of CoECs in STP effluent 

do stimulate mechanisms of degradation and adaptation in the 

soil microbiome. The magnitude and mechanisms of functional 

responses in ecosystems to such alterations from sewage effluent is 

still unknown and warrants further investigation. 
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In chapter 5, the potential of intentional direct STP effluent reuse 

in SSI to satisfy the agricultural water demand under a temperate 

climate condition was assessed. Countries with a temperate climate, 

such as the Netherlands, experience periodic freshwater shortages in 

agriculture. The pressure on available freshwater will increase due to 

climate change and a growing demand for freshwater by e.g. industrial 

activities. It is therefore crucial that possible alternative water resources 

are considered in order to meet the current and future water demand. 

In this chapter we explore where, and how much, sewage treatment 

plant (STP) effluent can directly be reused in agricultural sub-surface 

irrigation (SSI) during an average and a dry season scenario, for all 

active (335) Dutch STPs. SSI systems may have a higher water demand 

as part of the STP effluent is transported with groundwater flow, 

although aboveground irrigation has a loss of water due to interception. 

Furthermore, such aboveground irrigation systems provide direct 

contact of crops with irrigation water. SSI systems provide a soil barrier 

which may function as a filter and buffer zone. In the Dutch situation, 

direct intentional reuse of STP effluent can fulfil up to 25% of croplands 

SSI water demand present within a five-kilometer transport buffer 

from the STPs during an average season and 17% during a dry season. 

Hereto, respectively, 78% and 84% of the total available Dutch STP 

effluent would be used. Thus, intentional direct STP effluent reuse in 

agricultural SSI has the potential to satisfy a significant amount of the 

agricultural water demand at a national scale, presuming responsible 

reuse: safe applications for humans and environment and no limiting 

effects on water availability for other actors.

To conclude, Chapter 6 provides a synthesis of all previous 

chapters. Answers to the therein posed research questions are provided 

based on the findings of earlier chapters and of recent literature. At 

first, how and to what degree SSI with STP effluent can contribute to 

reduced CoECs emission to surface water as compared to current direct 

discharge, and so contribute to improved surface water quality are 

discussed. Secondly, trade-offs of STP effluent reuse in SSI systems are 

presented that are needed to avoid significant transport of CoECs into 

the crop’s root zone and deeper groundwater. Finally, recommendations 

are provided to move towards upscaling SSI with STP effluent to larger 

scales. 
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Samenvatting

Wereldwijd wordt zoetwaterschaarste vaak veroorzaakt door 

een grote vraag van de landbouwsector, die wereldwijd goed is voor 

69% van de zoetwateronttrekking. Dit is niet alleen een probleem voor 

aride gebieden met weinig neerslag en een hoge bevolkingsdichtheid 

die gevoelig zijn voor toenemende waterstress; ook gematigde gebieden 

met intensieve landbouw kampen regelmatig met een tekort aan niet-

drinkbaar water. Het doelbewuste hergebruik van het effluent van 

rioolwaterzuiveringsinstallaties (RWZI’s) in ondergrondse irrigatie, 

dat momenteel in grote hoeveelheden op het oppervlaktewater wordt 

geloosd, kan een alternatieve zoetwaterbron vormen. Bovendien kan 

de belasting van het oppervlaktewater met verontreinigende stoffen 

die aanleiding geven tot nieuwe bezorgdheid - zoals farmaceutische 

producten, biociden, producten voor persoonlijke verzorging en de 

omzettingsproducten daarvan - worden verminderd door bodempassage 

en daarmee verband houdende (bio)omzettingsprocessen.

Dit proefschrift richtte zich op het hergebruik van RWZI effluent 

voor ondergrondse irrigatie in de landbouw, dat een tweeledig doel 

dient: vermindering van de emissies van zorgwekkende stoffen in het 

oppervlaktewater en watervoorziening voor de gewassen.  Nauwkeurige 

gegevens over het lot van zorgwerkende stoffen in ondergrondse 

irrigatie systemen bij hergebruik van RWZI effluent zijn nodig om 

het risico, de mogelijkheden en de haalbaarheid van hergebruik 

van afvalwater in ondergrondse irrigatie systemen te beoordelen. 

Na een algemene inleiding (hoofdstuk 1) was de eerste taak van dit 

proefschrift het in kaart brengen van de risico’s en mogelijkheden 

van hergebruik van afvalwater in ondergrondse irrigatie systemen op 

basis van een kritisch literatuuroverzicht (hoofdstuk 2). De tweede 

taak was het onderzoeken van een ondergrondse irrigatie proefveld 

op reële schaal naar de verwijdering van zorgwekkende stoffen op 

basis van hun persistentie-mobiliteitsklassen (hoofdstuk 3). Met de 

verkregen inzicht in de werking van ondergrondse irrigatie systemen 

werd een batch incubatie-experiment (hoofdstuk 4) opgezet en 

gedurende zes maanden uitgevoerd om meer inzicht te krijgen in de 

veranderingen in de samenstelling van de microbiële gemeenschap 

en de daarmee samenhangende verbeterde biologische afbraak als 
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gevolg van ondergrondse irrigatie met afvalwater. In hoofdstuk 5 werd 

een haalbaarheidsstudie uitgevoerd in een land met een gematigd 

klimaat dat te kampen heeft met periodieke zoetwatertekorten in de 

landbouw. Daartoe werd Nederland, een dichtbevolkt land met 1.9 

miljoen hectare (Mha) akkerland en goed over het land verspreide 

RWZI’s, als casestudy geselecteerd. Ten slotte worden in de synthese 

(hoofdstuk 6) de belangrijkste concepten en ontwikkelingen beschreven 

die moeten worden aangepakt om ondergrondse irrigatie met RWZI 

effluent op grotere schaal te kunnen toepassen. Dit is gedaan op 

basis van de bevindingen van voorgaande hoofdstukken, waarvan de 

belangrijkste conclusies hieronder worden samengevat.

In hoofdstuk 2 wordt een diepgaand overzicht gegeven van de 

processen die van invloed zijn op het lot van zorgwekkende stoffen 

in ondergrondse irrigatie systemen, en worden de verwachtingen ten 

aanzien van blootstelling en risico’s besproken. Voorts worden het 

beleid en de richtsnoeren inzake hergebruik van niet-drinkbaar water 

belicht. Daarnevens worden lacunes in de kennis en uitdagingen en 

mogelijkheden van doelbewust hergebruik van RWZI’s effluent via 

ondergrondse irrigatie behandeld met het doel toekomstig onderzoek 

naar een beter begrip van het lot en de risico’s van zorgwekkende 

stoffen in ondergrondse irrigatie te stimuleren.

Om inzicht te krijgen in het lot van een brede selectie 

van zorgwekkende stoffen in relatie tot hun fysisch-chemische 

eigenschappen, werden 133 residuen van zorgwekkende stoffen in een 

reëel akkerland met ondergrondse irrigatie met gebruik van RWZI effluent 

gevolgd (hoofdstuk 3). Water van 0.2 m tot 11.8 m onder het maaiveld 

werd bemonsterd van september 2017 tot maart 2019, met inbegrip 

van het extreem droge jaar 2018. Van de 133 beoogde zorgwekkende 

stoffen werden er 89 teruggevonden in het proefveld, de meeste niet-

detecteerbare zorgwekkende stoffen hebben een lage persistentie. 

Tijdens het groeiseizoen met ondergrondse irrigatie verspreiden 

zorgwekkende stoffen zich naar het ondiepe grondwater en de rhizosfeer. 

Voor alle persistentie-mobiliteitsklassen worden aanzienlijk lagere 

concentraties aangetroffen tussen infiltratiebuizen dan direct naast de 

buizen in het ondiepe grondwater. Zorgwekkende stoffen die behoren 

tot de klasse pm (lage persistentie en lage mobiliteit) of de klasse PM 

(hoge persistentie en hoge mobiliteit) vertonen geen verandering in 

hun verwijdering in de rhizosfeer en het grondwater in een droog 

versus een normaal jaar. Zorgwekkende stoffen van de klasse pM (lage 
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persistentie en hoge mobiliteit) vertonen een hoge seizoensdynamiek 

in de rhizosfeer en het ondiepe grondwater, hetgeen erop wijst dat deze 

zorgwekkende stoffen worden afgebroken. Zorgwekkende stoffen van 

de klasse Pm (hoge persistentie en lage mobiliteit) hopen zich alleen 

significant op in de rhizosfeer naast infiltratiebuizen. Klimatologische 

omstandigheden met droge zomers en een neerslagoverschot en 

afvoer in de winter beïnvloeden het lot van zorgwekkende stoffen 

sterk. Tijdens de droge zomer van 2018 wordt geïnfiltreerd effluent 

nauwelijks verdund, wat resulteert in significant hogere concentraties 

voor de zorgwekkende stoffen die behoren tot de klassen pM en Pm. 

Na het extreem droge jaar 2018 zijn de cumulatieve concentraties 

nog steeds significant hoger, terwijl na een normaal jaar tijdens de 

winter een neerslagoverschot de zorgwekkende stoffen verwijdert. 

Voor alle persistentie-mobiliteitsklassen in het ondiepe grondwater 

tussen de buizen vinden we significante verwijderingsrendementen. 

Voor de rhizosfeer tussen de buizen vinden wij hetzelfde, behalve voor 

Pm. Naast de buizen vinden we echter geen significante verwijdering 

voor alle klassen in zowel de rhizosfeer als het ondiepe grondwater 

en zelfs significante accumulatie voor Pm. Voor deze groep persistente 

hydrofobe zorgwekkende stoffen werden risicokarakteriseringsratio’s 

(RCR’s) berekend voor de periode met de hoogste genormaliseerde 

concentratie. Geen van de enkelvoudige chemische RCR’s is hoger 

dan één en de �RCR ligt ook ver onder één, wat een voldoende veilige 
blootstelling van de omgeving impliceert. In het algemeen heeft het 

diepere grondwater (7.0 m – 11.8 m onder het maaiveld) de laagste 

respons op de ondergrondse irrigatie voor alle persistentie-mobiliteit. Bij 

de toepassing van een zulke systemen voor hergebruik van afvalwater 

moet worden gelet op de zorgwekkende stoffen die (matig) hydrofoob 

zijn, aangezien deze zich in het ondergrondse irrigatie systeem kunnen 

ophopen. Voor het diepere grondwater en voor de lozing op het 

oppervlaktewater vinden wij significante verwijdering voor de klassen 

pM en PM, maar niet voor andere klassen. Geconcludeerd kan worden 

dat relatief hoge verwijderingsrendementen worden aangetoond die 

ten goede komen aan de oppervlaktewateren die anders rechtstreeks 

het RWZI effluent zouden ontvangen.

Op basis van de bevindingen van hoofdstuk 3 met betrekking 

tot de functionaliteit van ondergrondse irrigatie systemen, de 

seizoensafhankelijkheid en het lot van deze zorgwekkende stoffen is een 

gecontroleerd laboratorium-batch-experiment uitgevoerd volgens het 
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“OECD 307 ready biodegradability protocol” voor de niet-blootgestelde 

gemeenschap en een geavanceerde versie van de test voor de vooraf-

blootgestelde gemeenschappen (hoofdstuk 4). Van de 89 zorgwekkende 

stoffen die eerder in ons studiegebied, een reëel akkerland met 

ondergrondse irrigatie gevoed door RWZI, zijn gedetecteerd, zijn er 47 

teruggevonden in onze batchmonsters, waarvan 27 oorspronkelijke-

zorgwekkende stoffen en 3 omzettingsproducten kwantificeerbaar 

waren. De biologische afbraak van de 27 zorgwekkende stoffen en de 

veranderingen in de microbiële gemeenschap werden gevolgd in dit 

lange termijn batch-experiment. Als negatieve controle, om na te gaan 

of de veranderingen in diversiteit en samenstelling van de microbiële 

gemeenschap permanent zijn, werden het ondiepe grondwater en het 

diepere grondwater van het ondergrondse irrigatie proefveld verzameld 

in de winter, vijf maanden nadat de watertoevoer voor het systeem 

was afgesloten. In het algemeen vertoonden de zorgwekkende stoffen 

hogere biologische afbraaksnelheden bij de vooraf-blootgestelde 

gemeenschap dan bij de niet-blootgestelde gemeenschap. Ook in de 

anaerobe flessen werden temporele verschuivingen waargenomen voor 

zowel de vooraf-blootgestelde als de niet-blootgestelde gemeenschap. 

De aanwezigheid van zorgwekkende stoffen in RWZI effluent stimuleert 

dus afbraak- en aanpassingsmechanismen in het bodemmicrobioom. 

De omvang en mechanismen van functionele reacties in ecosystemen 

op dergelijke veranderingen door rioolwaterzuiveringsinstallaties zijn 

nog onbekend en verdienen nader onderzoek.

In hoofdstuk 5 is het potentieel van doelbewust direct hergebruik 

van RWZI’s effluent in ondergrondse irrigatie beoordeeld om te 

voldoen aan de vraag naar water in de landbouw bij een gematigd 

klimaat. Landen met een gematigd klimaat, zoals Nederland, kampen 

met periodieke zoetwatertekorten in de landbouw. De druk op het 

beschikbare zoetwater zal toenemen door de klimaatverandering en 

een toenemende vraag naar zoetwater door bijvoorbeeld industriële 

activiteiten. Het is daarom van cruciaal belang dat mogelijke alternatieve 

waterbronnen worden overwogen om aan de huidige en toekomstige 

vraag naar water te voldoen. In dit hoofdstuk wordt voor alle actieve 

(335) Nederlandse rioolwaterzuiveringsinstallaties onderzocht waar 

en hoeveel effluent van rioolwaterzuiveringsinstallaties (RWZI’s) 

rechtstreeks kan worden hergebruikt in ondergrondse irrigatie in de 

landbouw in een gemiddeld en een droog seizoen. Ondergrondse irrigatie 

systemen kunnen een grotere waterbehoefte hebben omdat een deel 
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van het RWZI’s effluent wordt meegevoerd met de grondwaterstroom, 

alhoewel bij bovengrondse irrigatie water verloren gaat door interceptie. 

Bovendien zorgen dergelijke bovengrondse irrigatiesystemen voor direct 

contact van de gewassen met het irrigatiewater. Ondergrondse irrigatie 

systemen zorgen voor een bodembarrière die als filter en bufferzone 

kan fungeren. In de Nederlandse situatie kan rechtstreeks doelbewuste 

hergebruik van RWZI’s effluent in een gemiddeld seizoen tot 25% van 

de vraag naar ondergrondse irrigatie water op akkerland binnen een 

transportbuffer van vijf kilometer van de RWZI’s dekken en 17% in een 

droog seizoen. Hierbij zou respectievelijk 78% en 84% van het totale 

beschikbare Nederlandse RWZI effluent worden gebruikt. Doelbewust 

direct hergebruik van RWZI effluent in agrarische ondergrondse irrigatie 

heeft dus het potentieel om op nationale schaal in een aanzienlijk deel 

van de vraag naar water in de landbouw te voorzien, ervan uitgaande 

dat er sprake is van verantwoord hergebruik: veilige toepassingen voor 

mens en milieu en geen beperkende effecten op de beschikbaarheid 

van water voor andere actoren.

Ten slotte biedt hoofdstuk 6 een synthese van alle voorgaande 

hoofdstukken. Op basis van de bevindingen van eerdere hoofdstukken 

en recente literatuur worden antwoorden gegeven op de daarin gestelde 

onderzoeksvragen. Ten eerste wordt besproken hoe en in welke mate 

ondergrondse irrigatie met RWZI effluent kan bijdragen tot een lagere 

zorgwekkende stoffen emissie naar het oppervlaktewater dan de 

huidige directe lozing, en zo kan bijdragen tot een betere kwaliteit 

van het oppervlaktewater. Ten tweede worden compromissen van 

het hergebruik van RWZI-effluent in ondergrondse irrigatie systemen 

gepresenteerd die nodig zijn om significant transport van zorgwekkende 

stoffen naar de wortelzone van het gewas en het diepere grondwater te 

voorkomen. Tot slot worden aanbevelingen gedaan om ondergrondse 

irrigatie met RWZI effluent op grotere schaal toe te passen.
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