
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Particles matter: Transformation of suspended particles in constructed wetlands

Mulling, B.T.M.

Publication date
2013

Link to publication

Citation for published version (APA):
Mulling, B. T. M. (2013). Particles matter: Transformation of suspended particles in
constructed wetlands. [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 May 2023

https://dare.uva.nl/personal/pure/en/publications/particles-matter-transformation-of-suspended-particles-in-constructed-wetlands(c4f49366-0d35-4be2-af1d-d34e851e4a70).html


General introduction

Chapter 1



8

Chapter 1

 Discharge of municipal wastewater is one of the major factors threatening aquatic 
ecosystems across the globe. Originating from urban areas, municipal wastewater consists 
of a complex and variable mixture of constituents of anthropogenic origin, including 
pharmaceuticals, surfactants, emulsions, 
pesticides, herbicides, self-care residues, 
drugs, hormones, nutrients, plankton, 
pathogens and organic and inorganic 
particles (Kadlec and Wallace 2008; 
Tchobanoglous 2004). The majority of 
these constituents are removed by regular 
wastewater treatment, but discharge of 
treated municipal wastewater can still have 
profound impacts on receiving surface 
waters (Holeton et al. 2011). One of the 
key factors causing this impact is often 
overlooked: the discharge of allochthonous 
suspended matter, changing many 
processes and functions in the receiving 
aquatic ecosystems (Holeton et al. 2011; 
Kalff 2002). Suspended matter in treated 
wastewater consists of a complex mixture 
of organic and inorganic particles of 
anthropogenic origin (see box 1), and is 
amongst others characterized by a distinct 
bacterial community (Kadlec and Wallace 
2008; Tchobanoglous 2004; Seviour and 
Nielsen 2010).
 To mitigate the effects of treated 
wastewater discharge into receiving 
surface waters additional polishing is 
currently debated. The purification 
capacity of wetlands (see box 2) has long 
been recognized and man-made constructed wetlands (CWs) are used in a wide variety of 
applications to improve water quality. Since the first attempts to use CWs for water quality 
improvements of untreated wastewater in the early 1950s, the development and use of CWs 
for wastewater treatment has spread across the world (Sundaravadivel and Vigneswaran 
2001; Kadlec and Wallace 2008; Vymazal 2005). CWs are designed to optimize several 
naturally occurring physical, chemical and biological processes, like sedimentation and 
microbial degradation in order to reduce concentrations of the harmful constituents in 
(treated) wastewater (Kadlec and Wallace 2008). Many studies have demonstrated that CWs 

Box 1: Suspended matter classification

Suspended matter is defined as the filterable matter 
in the water column (Wotton 1994). In general 
suspended matter is a complex mixture of organic and 
inorganic particles with different origins, natures, and 
properties, including size, form, density, specific surface 
area, surface charge, binding capacity and chemical 
composition. Inorganic particles include mineral 
clays, sand, silt, manmade materials and metal oxides. 
Organic particles or particulate organic matter (POM) 
contain both living organisms (plankton), which can be 
further specified by taxonomic identification, and dead 
biological matter (detritus) (Fig. 1.3).
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Fig. 1.3 The composition of suspended particles and 
different ways of characterizing suspended particles. 
DOM: dissolved organic matter; FPOM: fine particular 
organic matter; CPOM: coarse particular organic 
matter.
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indeed significantly reduce concentrations 
of pollutants like, for example, nitrogen, 
phosphorus, heavy metals, suspended matter 
and pathogens (Kadlec and Wallace 2008; 
Zhang et al. 2011; Vymazal 1996; Vymazal 
2007; Fisher and Acreman 2004; Cameron et al. 
2003; Reinoso et al.  2008; Vidales-Contreras 
et al. 2006; Vymazal 2005). However, while 
some studies report removal efficiencies up 
to 90% for suspended matter (Kadlec and 
Wallace 2008), other studies show very limited 
reduction or even addition of suspended 
matter (van den Boomen and Kampf 2012; 
van den Boomen et al. 2012). These large 
differences seem to be related to particle 
inflow concentrations, with CWs receiving 
high inflow concentrations generally showing 
high removal of suspended particles while 
CWs with low concentrations of inflowing 
particles have been observed to produce equal 
or slightly increased outflow concentrations 
(Ghermandi et al. 2007). However, most of 
these studies on suspended matter in wetlands 
focus on bulk measurements of particle 
concentrations and the understanding of the 
underlying processes involved in changing 
the physical and biological composition 
of suspended particles during residence in 
CWs is limited. A more detailed analyses of 
particle composition and dynamics in CWs 
is therefore needed to optimize the use of 
CWs in mitigating environmental effects of 
suspended matter in (treated) wastewater.

Suspended particles in wetland ecosystems
 Suspended particles have several 
important functions in aquatic ecosystems 
and are involved in many physical, chemical 
and biological processes (Fig. 1.1). Particles 
not only have direct effects like a decrease 

Box 2: Wetlands and ecosystem services

Wetlands are ecosystems with a water table at or near 
the land surface and function as transitional zones 
between terrestrial and aquatic environments (Fig. 
1.4a) (Keddy 2010). Wetlands are characterized by 
the specific and characteristic vegetation adapted to 
these environmental conditions and are recognized 
as highly productive ecosystems supporting a high 
diversity of plants and animal species in salty, brackish 
and freshwater environments (Keddy 2010). Several 
types of wetlands are defined including marshes, 
swamps, bogs, temporal waters and fens. Wetlands 
provide several ecosystems services including flood 
control, climate change mitigation and adaption, 
water quality improvement, cultural and recreation 
values and are reserves of biodiversity (Fig. 1.4b)
(Keddy 2010).

 

b)

a)

Fig. 1.4 a) Schematic representation of a wetland and 
some of the provided ecosystems services (http://
myweb.rollins.edu) and b) Ecosystem services 
provided by wetlands at local and global scales 
(Holcova et al. 2009) .
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in light penetration, influencing primary production and phytoplankton community 
composition (Kalff 2002), but are also involved in the more complex cycling of energy 
and nutrients. Organic particles contain carbon, nitrogen, phosphorus and other essential 
nutrients for living organisms and serve as a food source for many heterotrophic organisms 
in the aquatic food web (Wetzel 2001; Kalff 2002). Especially for heterotrophic bacteria living 
in the water column, suspended particles are a crucial source of energy and nutrients. In the 
process of particle degradation carried out by these heterotrophs, nutrients are released from 
the suspended matter by remineralisation thereby also fuelling primary production (Wotton 
1994; Kalff 2002). Since decomposition of organic matter by heterotrophic bacteria is an 
oxygen demanding process, degradation of excessive amounts of organic particles can also 
lead to anoxic waters and sediments, resulting in mortality of higher organisms like macro-
invertebrates and fish (Kalff 2002). In specific areas of (constructed) wetlands where water 
movement is low, suspended particles are also subjected to sedimentation providing a source 
of energy and nutrients for the benthic system where specialized consortia of bacteria, fungi 
and invertebrates are involved in similar processes (Kalff 2002).
 The central role of suspended particles in the above mentioned processes emerges 
from the availability of ecological micro-niches for bacteria and other organisms, thereby 
making these niches hotspots for structural and functional diversity in the water column 
(Grossart et al. 1998). In (treated) wastewater it is the formation of aggregates that makes 
particles function as a transport route for the removal of harmful bacteria and viruses from 
the water column by sequential adsorption and attachment, and sedimentation of the 
particles (Karim et al. 2004; Reinoso et al. 2008). In the same way suspended particles can 
purify the water column from dissolved contaminants like metals, pesticides, phosphorus 
and PCBs (Kalff 2002). 
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Fig. 1.1 Schematic overview of the linkage between suspended particles, ecosystem processes and water 
characteristics in wetlands.
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 There are many processes influencing the concentration, nature and type of suspended 
particles in wetland ecosystems. In general it is acknowledged that sedimentation, flocculation 
and resuspension are major processes influencing suspended particle concentrations (Keddy 
2010). Sedimentation is the settling of particles onto the sediments by gravity and depends 
on characteristics of both the particles (size, mass, shape) and environmental conditions 
(current velocity, turbulence, water density) and is most effective for particles larger than 
50µm (Marttinen et al. 2003) while small particles, especially low density organic particles, 
are often not subjected to substantial sedimentation. Particles can be resuspended from the 
sediments by (wind induced) turbulence, bioturbation or gas release from the sediment 
(Wotton 1994; Kalff 2002; Durako et al. 1982). Resuspension can strongly increase the 
suspended particle concentrations in the water column, depending on several environmental 
conditions such as water depth, wind speed or presence of aquatic vegetation (Kelderman et 
al. 2012; Wotton 1994; Kalff 2002).
 Flocculation is the processes in which coumpounds and particles form flocculates 
and aggregates and occurs when particles collide and stick together (adhesion) as a result of 
Brownian motion, shear, differential sedimentation, diffusive capture, surface coagulation, 
filtration, bacterial motility or biological capture (Wotton 1994). Flocculation increases the 
size and thereby the settling velocity of particles, and is therefore an important process in 
the sedimentation of smaller particles (Droppo et al. 2004). Flocculation can also increase 
the concentration of suspended particles by flocculation of smaller compounds  into flocs 
large enough to be considered particular (Simon et al. 2002). The process of flocculation 
is dependent on many biological, chemical and physical characteristics of both the water 
and the particles, including particle concentration, surface properties, ionic concentrations, 
turbulence and environmental conditions (Droppo 1997). Being the opposite process 
of flocculation, disaggregation breaks up particles in smaller ones, thereby reducing 
sedimentation rates and even decreasing concentrations by creating smaller particles that are 
no longer considered as being part of the suspended particle pool.
 Dissolved compounds like dissolved organic matter (DOM), metals, phosphorus, 
calcium and sulphides may contribute to the dynamics of suspended particles in wetland 
ecosystems. DOM and dissolved inorganic compounds not only adsorb onto suspended 
particles (Johnson et al. 1994), thereby increasing the size and mass and influencing the 
settling rate of particles, but may also form precipitates (particles) during changes in 
environmental conditions including oxygen concentrations, pH, temperature and ion 
concentrations (Kadlec and Wallace 2008). 
 Besides these primarily physical and chemical processes also several biological 
driven processes influence the concentration, nature and type of suspended particles. As 
described above, heterotrophic bacteria break down organic particles and convert particulate 
organic matter into dissolved organic matter and minerals (Wotton 1994; Kalff 2002), thereby 
reducing the size of large particles, affecting the settling rate and transforming dead organic 
matter into living bacterial biomass (Wotton 1994; Kalff 2002). Other heterotrophic bacteria 
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use DOM rather than particulate organic matter (POM) and by doing so they transform 
dissolved organic matter (DOM) into bacterial biomass (POM) increasing the suspended 
matter concentration (Kalff 2002). In addition, autotrophic phytoplankton species use 
nutrients and solar energy to create biomass and can under favourable conditions strongly 
increase the suspended matter in aquatic ecosystems (Kalff 2002).
 Other organisms, like many planktonic zooplankton species such as Rotifera, 
Cladocera, Amoebazoa and Ciliophora are capable to ingest suspended particles and use 
them as a food source. These secondary producers transform suspended matter into their own 
biomass (that can still be considered as suspended matter) and increase particle sedimentation 
by compacting organic matter into dense faecal pellets (Wotton 1994). Moreover, the benthic 
components of wetland ecosystems might also play a key role in driving the dynamics of 
suspended particles in the water column. Attached filter feeders, like bivalves and specialized 
groups of Ciliophora and insect larvae, remove particles from suspension and convert them 
into biomass and deposit faecal pellets onto the sediment (Ruckelshaus et al. 1993; Chabaud 
et al. 2006). Benthic algae, often growing on substrates like for example macrophytes stems 
and forming dense biofilms (Woodruff et al. 1999; Romani et al. 2004), are known to actively 
and passively trap suspended particles into the biofilm which can then be used by the 
heterotrophic bacteria inside the biofilm as a food source (Kadlec and Wallace 2008; Balzer 
et al., 2010; Chabaud et al. 2006; Drury et al. 1993; Eisenmann, et al. 2001; Stott and Tanner 
2005). Besides trapping of particles, biofilms also release particles into the water column, 
either actively for colonisation or passively by erosion (McDougald et al. 2012).
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Fig. 1.2 Schematic overview of processes influencing the concentration, nature and composition of suspended 
particles in aquatic ecosystems. (after Turner and Millward 2002)
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 Figure 1.2 summarizes the complexity and dynamics of the many processes 
influencing the behaviour of suspended particles in wetland ecosystems described above. 
Based on this schematic overview, it may become evident that CWs may hold great potential 
to change the nature and type of the anthropogenic particles in (treated) wastewater. Thereby 
transforming the particles and reducing the impact of wastewater discharge on receiving 
surface waters. However, this capacity strongly depends on the design of the CW since 
many of these processes result from complex interactions between the suspended particles 
and the environmental conditions. The lack of research on particle specific processes in 
CWs, disregarding particle nature and type, obstructs a detailed analyses of these complex 
interactions. This study was set out to fill up this knowledge gap by providing mechanistic 
insight in the functioning of CWs regarding suspended particles. The overall aim of this 
study was to assess the importance of physical, chemical and biological processes modifying 
the fate and behaviour of suspended particles in surface flow CWs. 

To this purpose the following objectives were formulated:
- To identify changes in the nature and composition of suspended particles in treated 
municipal wastewater during residence in surface flow constructed wetlands.
- To weigh the importance of individual environmental processes occurring in wetland 
ecosystems on the fate, behaviour and dynamics of suspended particles. 
- To assess the prospect of constructed wetlands in mitigating effects and associated 
risks of municipal wastewater.

Outline of the thesis
 The first step in this study required the quantification and identification of suspended 
matter in a surface flow CW in Grou (see box 3). To this purpose chapter 2 focussed on 
analysing monitoring data of suspended matter concentrations during multiple years 
complemented with data from short term monitoring experiments in which we studied 
changes in physical and biological nature and type of suspended particles. After studying 
these major changes, chapter 3 focussed on changes in the microbial community during 
residence in the CW. Changes in bacterial abundance, average bacterial size, community 
composition, community metabolic activity and community metabolic functional diversity 
were analysed in treated wastewater, effluent of the CW as well as in reference sites.
 Pathogenic organisms, present in high numbers in treated wastewater, are of major 
interest since they pose public health risks and chapter 4 therefore focuses on changes in the 
numbers of faecal indicator organisms and analyses the contribution of processes involved in 
the removal of pathogens. Bacterial, viral and protozoan faecal indicator organisms numbers 
were monitored during a one year period on a monthly basis throughout the CW. From this 
data removal efficiencies were calculated for the different compartments within the CW and 
the relative importance of the different removal processes were described based on short 
term field and laboratory experiments.
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 The role of biofilms is often considered to be of major importance reducing the 
suspended particle concentrations in CWs, but the specific effects of biofilms are not well 
studied and difficult to test in full scale CWs. Chapter 5 therefore describes laboratory 
experiments in which the effects of biofilm composition on the trapping of particles and 
bacteria were studied in relation to particle size. To this purpose several field grown natural 
biofilms and cultured mono-specific biofilms were incubated in laboratory aquaria and 
trapping of different particles was monitored, enabling us to quantify capture efficiencies for 
the different biofilm compositions and particle sizes.
 Chapter 2, 3 and 4 all studied particle dynamics in CWs under normal operating 
conditions, but peaks are occasionally discharged into CWs and could exceed the purification 
capacity of the CW. These accidental peak discharges are difficult to predict and chapter 6 
discusses the behaviour of an artificially induced suspended matter peak discharge into the 
CW. After discharge of the peak we monitored the peak at several positions in the CW and 
analysed a multitude of parameters to identify the behaviour of different components of the 
suspended particles, the location and possible important processes affecting the peak during 
residence in the CW.
 The concluding remarks in chapter 7 discuss the main findings of this thesis 
regarding the dynamics of suspended particles in wetland ecosystems and changes in the 
nature and composition of suspended particles during residence in CWs. I will try to weigh 
the importance of individual environmental processes in wetland ecosystems that determine 
the fate, behaviour and dynamics of suspended particles in CWs. I will also construct an 
operational model on suspended particle dynamics in wetland ecosystems. This model may 
ultimately lead to optimization of CWs for specific applications. Based on the results I will 
conclude this chapter with a review off the options for applying CWs for achieving good 
ecological quality of surface waters. 

Box 3: Study area

All field studies are carried out in a full scale surface flow constructed wetland (CW) located in Grou, 
The Netherlands (N53 05.535 E5 49.050). This constructed wetland was chosen for this study, because the 
system was frequently monitored since its construction (2006) and the absence of plans for major changes or 
maintenance work during the period of this study to both the CW or the wastwater treatment plant (WWTP). 
The CW receives secondary-treated municipal (mainly domestic) wastewater at a constant hydraulic loading 
of 1200 m3 day-1 (Table 1.1). After inflow from a settlement tank, the water flows through the CW consisting 
of a series of three unvegetated ponds and four parallel reed beds (Fig. 1.5). At the end of the reed beds the 
water is pumped into an ecological buffer zone which is in open connection with the receiving surface water 
(channel). The unvegetated ponds have an average depth of 1.35m, volumes between 360 and 440 m3 each 
and total hydraulic retention time (HRT) of 17.9 h. The reed beds are covered with Phragmites australis. They 
have an average water depth of 40 cm, approximate volume of 443 m3 and an average HRT of 23.6 h. 



General introduction

15

Box 3: Study area (continues)
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Fig. 1.5 a) Schematic representation of the study area with the wastewater treatment plant (0) including a 
settlement tank (1) which discharges treated municipal wastewater into a constructed wetland consisting 
of unvegetated ponds (2), reed beds (P. australis) (3) connected to an ecological buffer zone (4) between the 
constructed wetland and the receiving channel (5), b) schematic cross section of the constructed wetland.

Table .1 Dimensions and hydraulic retention time (HRT) of constructed wetland, Aqualân in Grou, The 
Netherlands. The length, width and volume of the ponds were manually determined and calculated, the 
length, width and volume of the reed beds were calculated from the construction blueprints. The HRT’s 
were determined by a tracer experiment.

Ponds Reed beds Total

1 2 3 Total Bed 1-4 Total

Length (m) 55 55 55 165 110 110

Average width (m) 7.6 8.1 8.1 7.9 11.5 46

Average depth (m) 1.34 1.31 1.43 1.35 0.4 0.4

Surface area (m2) 418 446 446 1304 1265 5060 6364

Volume (m3) 362 388 441 1191 443 1771 3552

Hydraulic loading (m3 day-1) 1200 1200 1200 1200 300 1200 1200

HRT (h) 17.9 23.6 41.5
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