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ten times higher (0.070  m·s−1) than those assumed 
by designers (0.006  m·s−1). Such a large difference 
means that the sedimentation conditions assumed 
in the project cannot be met, which may result in an 
increase in the total suspended solids and organic 
matter concentrations at the outflow to the receiving 
water body. During the flow through the hydroponic 
ditch, the highest efficiency of pollutant removal was 
indicated for BOD5 — 88.7% and TSS — 80%, while 
the COD removal occurred with the lowest efficiency 
— 34.1%. Improving flow conditions as designed in 
the hydroponic lagoon technological project may 
increase the efficiency of wastewater treatment at the 
third stage of treatment.

Keywords Municipal wastewater · Water velocity · 
Granulometric composition · Hydroponic lagoon · 
Organic matter

1 Introduction

Higher and higher standards for the quality of treated 
wastewater discharged to the receiver became a moti-
vation to look for high-performance technological 
solutions. There are many dangerous substances in 
municipal sewage, which introduced into the envi-
ronment without purification can disrupt the natu-
ral balance of receivers (Jin et al., 2017). One of the 
extremely important parameters related to the quality 
of sewage is the organic matter concentration, which 

Abstract The aim of this study was to analyse the 
impact of velocity in the hydroponic lagoon used as 
the 3rd stage of municipal wastewater treatment on 
washing out of the particles suspended in the sew-
age as well as settled on the bottom of the hydroponic 
ditch. In order to analyse the flow velocity in the 
lagoon, 12 cross-sections were determined at points 
where the speed and motion of particles can change. 
Wastewater samples were taken in the summer month 
from each of the 12 sampling points (the depth of 
0.1 m) and the basic physicochemical parameters of 
sewage were determined (BOD5, COD, TOC, TSS, 
turbidity). In selected cross-sections, a granulomet-
ric analysis of particles was made to determine the 
characteristics of suspended solids in the wastewa-
ter flow path. Based on the analysis, it was found 
that velocities in the lagoon during aeration can be 

K. Marek · K. Pawęska · A. Bawiec (*) 
Institute of Environmental Engineering, The Faculty 
of Environmental Engineering and Geodesy, Wrocław 
University of Environmental and Life Sciences, 
Grunwaldzki Square 24, 50-363 Wrocław, Poland
e-mail: aleksandra.bawiec@upwr.edu.pl

K. Marek 
e-mail: 109058@student.upwr.edu.pl

K. Pawęska 
e-mail: katarzyna.paweska@upwr.edu.pl

J. Baran (*) 
HaskoningDHV Polska Sp. z o.o, Sikorskiego Str. 2-8, 
53-659 Wrocław, Poland
e-mail: jeremi.baran@rhdhv.com

/ Published online: 28 June 2021

http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-021-05235-8&domain=pdf


Water Air Soil Pollut (2021) 232: 277 

1 3

can strongly affect the development of bacterial flora 
and lead to oxygen depletion (Atique & An, 2020). 
The most important organic matter indicators in sew-
age are biochemical oxygen demand (BOD5), chemi-
cal oxygen demand (COD), total organic carbon 
(TOC) (Szabo & Lepistö, 2020). The total suspended 
solids (TSS) concentration largely influence organic 
matter content in the water courses sediments which 
became a significant factor in water pollution (Zhu 
et al., 2017). Ensuring appropriate sewage flow rates 
through the wastewater treatment plant (WWTP) 
significantly influences the organic matter content 
in the sewage stream. In natural river ecosystems, 
the hydraulic conditions are one of the major fac-
tors that affect spreading and degradations of pollut-
ants. Changes and fluctuations in water flow can alter 
habitat conditions and disturb the ecological balance 
resulting in changes in physical and chemical proper-
ties of water (Panda et  al., 2015). Wastewater treat-
ment technologies imitating natural conditions are 
gaining popularity around the world. The most pop-
ular semi-natural systems include constructed wet-
lands, sewage oxidation or stabilisation ponds, and 
hydroponic systems (Maiga et al., 2017). This type of 
solutions is used as the third or fourth stage of treat-
ment not only of sewage but also as a purification sys-
tem for contaminated water from aquaculture (Keer-
atiurai, 2013). The water flow velocity and aeration 
in flowing waters are the most beneficial conditions 
in terms of self-cleaning processes (Taseiko et  al., 
2016). Therefore, so-called “artificial rivers” are used 
in the wastewater treatment systems. One of the most 
popular solutions are hydroponic lagoons with mac-
rophytes supporting the purification process (Gosh & 
Desai, 2006). Plants floating on the surface of waste-
water with the roots freely immersed in sewage can 
uptake nutrients directly from the solution and are 
perfect habitat to many desirable bacteria, protozoa, 
molluscs and invertebrates (Bawiec et al., 2020).

In the hydroponic lagoon, the wastewater move-
ment is mainly caused by the appropriately modelled 
drop of the trough bottom as well as by the installa-
tion and operation of the aerators. Hydroponic lagoon 
systems provide oxygen necessary for the minerali-
zation of organic matter. In the aeration conditions 
of the hydroponic lagoon, after 4  days, a reduction 
of BOD5 content by about 30% can be observed. 
In the case of a suspension after 12 h of sedimenta-
tion, 80% of the organic particles will be located in 

the sediment (Suryani, 2017). Sewage flow in aerated 
hydroponic lagoon systems should ensure sedimenta-
tion of organic matter remaining after previous puri-
fication processes without a marked increase in its 
level at the outflow. As shown by Huang et al. (2017), 
on one hand, the degradation rate of selected pollut-
ants (including COD) in artificial river bed increases 
with the increase of water velocity, on the other hand, 
it disturbs sedimentation conditions. The use of aera-
tors without the simultaneous control of the speed of 
sewage flow, rapid speed increases, the creation of 
a flow opposite to the assumed direction may lead 
to the lifting of the previously suspended particles. 
Resuspension of sediments and its discharge to the 
receiver may cause a decrease of oxygen concentra-
tion in water column affecting the whole ecosystem 
stability (Brodersen et al., 2017). In the systems with 
well-developed aquatic vegetation, the resuspension 
of fine particles may lead to particles adhesion to the 
surface of plants roots, stems and leaves and thus to 
their photosynthetic capacity reduction. The exchange 
of gas and nutrients between macrophytes and water 
can be disrupted (Wang et al., 2015). It is extremely 
important to control the flow conditions that translate 
into the expected effects of the suspended solids and 
organic matter removal in the hydroponic systems.

Analysing the movement of solid bodies in aer-
ated lagoons, the rapid increase in velocities caused 
by aeration and its decreases caused by even arches 
of the hydroponic ditch can be noticed. Another 
observed regularity is the occurrence of local depo-
sition of the particles set in motion by the increased 
point speed (Wu, 2010).

Velocity in this type of lagoon should allow parti-
cles to sink freely to the bottom and allow slow anaer-
obic decomposition (Suryani et  al., 2017). Measure-
ments of the speed of wastewater moving through the 
hydroponic ditch should be carried out regularly and 
preferably kept constant to ensure adequate flow con-
ditions ensuring optimal time for the treatment pro-
cesses. Measurements can be made using hydrometric 
grinders (based on electromagnets or mechanically 
acting), electromagnetic probes and even Doppler-
based devices such as ADCP (Turnipseed & Sauer, 
2010). The velocity measurements are especially 
important when the purified wastewater from the 
hydroponic lagoon is constantly flowing out to the 
receiving water body. This kind of measurements can 
be used, among others, to carry out the assumptions 
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related to determining the volume of wastewater dis-
charged to the receiver (Burgos et al., 2015).

The main objective of the research was to assess 
the conditions of sewage flow in the hydroponic 
lagoon by measuring the flow velocity and related 
selected quality parameters of treated sewage (BOD5, 
COD, TOC, turbidity, TSS) as well as the particle 
size distribution of suspended solids. The presented 
research is related to the wide scope of the performed 
analyses related to the measurement of the flow 
velocity in the semi-natural system which can lead to 
further improvement of the tertiary treatment in the 
hydroponic lagoon.

2  Research Facility

The research was carried out in a municipal wastewa-
ter treatment plant (WWTP) located in the Opolskie 
Voivodeship (N50.466487, E17.016908). The facil-
ity processes sewage supplied by a general sewerage 
network and transported by slurry tanks in the total 
amount around 1350  m3·d−. The receiver of treated 
wastewater is the left-bank tributary of the Odra 
River—Nysa Kłodzka. There is a three-stage pro-
cess of wastewater treatment in the treatment plant. 
First stage is the mechanical treatment with the use 
of screens and separator. Biological treatment takes 
place in the circulation hybrid biological reactor, 
using activated sludge flocks and settled biomass. 
The third stage of treatment is being realized in the 
so-called “artificial river” — the hydroponic lagoon. 
The length of the lagoon is 190 m, the depth of the 
ditch is 1.4 m and its active capacity is 530  m3. The 
flow time through the lagoon is about 9 h. The flow 
velocity according to the design assumptions should 
be around 0.006 m·s−1. The wastewater in hydroponic 
ditch is aerated with the use of bottom directional aer-
ators which additionally support the flow of sewage. 
To support the wastewater treatment processes in the 
lagoon, the floating panels maintaining macrophytes 
over the entire surface of a single quarters were used. 
The plant species that grow on the lagoon plots are in 
particular Pistia stratiotes, Myriophyllum verticilla-
tum and Limnobium laevigatum. Naturally occurring 
algae and Lemna minor are also observed. The hydro-
ponic lagoon during the work of the aerators, being 
the main research facility is presented in the Fig. 1.

3  Methodology

The measurements including direct measurements 
in the lagoon (measurement of the sewage flow rate) 
were supported by laboratory analyses of physico-
chemical properties and granulometric composition 
of wastewater.

Measurements of the speed of sewage flowing 
through the hydroponic ditch were made at 12 meas-
uring points. The scheme of the hydroponic lagoon 
with the measuring points is shown in the Fig. 2.

The direct speed measurement was made with an 
electromagnetic mill Valeport 801, whose principle 
of operation is based on Faraday’s induction—the 
wastewater flowing around the head induces a cur-
rent with a value proportional to the velocity of the 
flowing wastewater (Turnipseed & Sauer, 2010). Due 
to low flow velocities and unchanging nature of the 
channel, i.e. constant width, depth and unchanging 
roughness (the bed is made entirely of precast con-
crete), it was decided to limit flow measurements to 
one hydrometric section in each profile. Measure-
ments were made successively at depths of 0.1  m, 
0.3  m, 0.5  m and 1.0  m. Figure  3 shows the cross-
section of the hydroponic ditch with 4 depths of flow 
velocities measurements.

The content of organic matter in the sewage flow-
ing through the lagoon was described by BOD5, 
COD and TOC. Also total suspended solids (TSS) 
concentration and turbidity were determined. The 
determination methods for the analysed indicators 
are presented in Table  1. From 9 of 12 measuring 
points, the sample of 1.5 L sewage from the depth of 
0.1 m was taken. Wastewater samples were not col-
lected in the immediate vicinity of aerators because 
of possibility of serious sewage quality disorders 
(cross-Sections. 6, 9, 11).

In selected measuring cross-sections, the size of 
the particles (granulometric composition) was meas-
ured with the use of Malvern Mastersizer 2000 laser 
granulometer. This device bases its operation on 
the Mie solution which allows you to determine the 
amount of light absorbed or dispersed by a spheri-
cal particle (Black et  al., 1996). Mastersizer 2000 
also uses the Fraunhofer model, which allows you to 
determine the size of the disc-shaped opaque particles 
(Chen et al., 2017) as it passes through the laser beam 
generated by the instrument.
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Statistical analyses were performed using STATIS-
TICA software.

4  Results and Discussion

The results of wastewater quality measurements indi-
cated in the samples taken from the depth of 0.1 m in 
different cross-sections are presented in the Table 2.

The COD concentrations were successively 
decreasing during the flow through 5 measuring 
points. It can be noticed that during the flow through 
the middle part of the lagoon without macrophytes, 
the concentration increased. At the outflow to the 
receiver the COD value reached 50.00  gO2·m−3, and 
was slightly higher than the lowest identified value 
(44.90  gO2·m−3). The COD concentration in the 10th 
cross-section is higher than in the first one because 
of the wastewater flow through the plant plots. The 

Fig. 1  Hydroponic lagoon 
in the municipal wastewater 
treatment plant: (a) WWTP 
building with hydroponic 
dich covered with poly-
carbonate sheets, (b) plant 
plot during the work of the 
bottom directional aerators, 
(c) Pistia stratiotes planted 
on the floating panels

Fig. 2  Scheme of the 
hydroponic lagoon with 12 
measuring points
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growth of macrophytes and minor fauna associated 
with the plants it involves the death of organisms 
and the enrichment of wastewater with organic mat-
ter. Because of this phenomenon, the last section 
of hydroponic lagoon before the sewage outflow is 
devoid of plants and bottom aerators and aerators 
which work could cause resuspension of bottom sedi-
ments. The COD removal efficiency reached 34.1%. 
The highest BOD5 concentration was identified in the 
first measuring point, where wastewater clarified in 
the secondary settling tank flows into the hydroponic 

ditch. The concentration was varying during the 
flow but at the outflow of the ditch, it decreased 
reaching the value of 1.20  gO2·m−3. Comparing the 
inlet to the lagoon and the outlet, the efficiency of 
BOD5 removal was 88.7%. Similar tendency can be 
observed for TOC concentration — it varied during 
the flow through the hydroponic lagoon, but at the 
outflow, the lowest concentration was identified and 
the removal efficiency reached 63.7%. The total sus-
pended solids concentration reached the average value 
of 34.40 g·m−3. At the outflow, the concentration was 

Fig. 3  The scheme of the 
measurement cross-section 
of the hydroponic ditch

Table 1  Determination 
methods and laboratory 
testing standards for sewage 
quality indicators

Parameter Determination method Laboratory testing standard

COD  [gO2·m−3] Dichromate method PN-ISO6060:2006
BOD5  [gO2·m−3] Electrochemical method PN-EN ISO5815-1:2019–12
TOC [ppm] Oxidation in supercritical conditions -
Turbidity [NTU] Nephelometric method PN-EN ISO 7027
TSS [g·m−3] Weight method with filtration PN-EN 872:2005

Table 2  Wastewater 
quality in the selected 
measuring cross-sections

Parameter Cross-section

1 2 3 4 5 6 7 8 9 10 11 12

COD[gO2·m−3] 75.90 54.50 53.10 53.10 44.90 - 49.00 50.40 - 82.80 - 50.00
BOD5[gO2·m−3] 10.60 9.60 3.70 7.10 5.70 - 2.90 1.50 - 1.20 - 1.20
TOC[ppm] 17.90 12.90 9.43 9.66 12.10 - 8.74 8.03 - 6.19 - 6.50
Turbidity[NTU] 12.87 9.83 3.89 2.96 1.43 - 3.04 1.59 - 0.96 - 0.28
TSS[g·m−3] 125.00 35.00 10.00 40.00 20.00 - 10.00 25.00 - 20.00 - 25.00
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5 times lower than at the inflow to the lagoon what 
provided 80% removal efficiency. Due to decrease of 
TSS concentration in wastewater also the turbidity 
has decreased (by 97.8%).

The measured flow velocity had a similar course 
for all analysed depths. Changes in the speed of sew-
age flow in the hydroponic lagoon at different depths 
are presented in Fig. 4.

The average value of flow velocity was at a simi-
lar level for all depths and reached 0.070–0.073 m·s−1 
with the maximum value measured at a depth of 
0.1 m at measuring point 1 (inlet to the lagoon). At 
the outlet of the lagoon, higher sewage flow rates 
were observed for deeper levels (0.5–1.0  m). This 
phenomenon may affect the elevation of previously 
deposited on the bottom of the lagoon particles. In 
addition, the increase in speed at points 9 and 11 in 
surface wastewater layers is caused by the work of 
aerators. Plants planted on the plastic panels placed 
on the sewage surface can be used to control flow 
conditions and prevent outflow of floating particles to 
the receiver (Kadlec, 2008).

Because of the design of the outlet — sewage out-
flow through an overflow at the level of the sewage 
table, the measurements of wastewater quality were 
made for samples taken from the depth of 0.1  m. 
Therefore, the flow velocity at the depth of 0.1 m has 
the biggest impact on pollutants concentration.

The analysis of correlation between organic matter 
and total suspended solids concentration and the flow 
velocity have shown that dependencies between those 

factors occurred. In each of the reported cases, the 
correlation was positive but it showed small values of 
the correlation coefficient. The calculated Pearson’s 
correlation coefficient (r) reached the highest value 
for TSS and TOC and is sequentially 0.66 and 0.65. 
The value of correlation coefficient higher than 0.6 
shows a significant dependence of the concentration 
of these components on the wastewater flow veloc-
ity. The Pearson’s r value close to 0.4 obtained for the 
COD (0.42) and BOD5 (0.36) indicates that the cor-
relation between those parameters and flow velocity 
is low (Schroeder et al., 2016). The results of analyses 
are presented in Fig. 5a–d.

The particle size distribution of suspended solids 
in a hydroponic lagoon with a % content of particles 
is presented in Fig. 6. The range of the particles sizes 
found in the sewage is usually diversified and can be 
treated as individual for each area, from which the 
sewage is discharged through the collective sewage 
system to the treatment plant (Burszta-Adamiak et al., 
2012).

Analyses of granulometric composition of 
particles showed that at designed measurement 
points, the particle diameters varied in the range of 
0.8–800 μm. The particles with the largest equiva-
lent diameters were identified in the first measure-
ment point (inlet to the lagoon) — over 90% of the 
particles for this measurement were characterized 
by a diameter of more than 178.5  μm. This sam-
pling point is usually characterized by the high-
est variations of the particle diameters because the 

Fig. 4  Changes in the 
speed of sewage flow in the 
hydroponic lagoon at differ-
ent depths
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wastewater is flowing straight from the second-
ary settling tank (Bawiec & Pawęska, 2020). In 
the remaining cross-sections, 90% of the particles 
were within the limits of 0.8–8.7 μm. As the flow of 

sewage through the hydroponic lagoon progressed, 
the particle size decreased (disaggregation), which 
was probably caused by the increase of the flow 
velocity of sewage forced by an air introduced into 

a

b

c

d

Fig. 5  Correlation between wastewater pollution indicators (a — COD, b — BOD5, c — TOC, d — TSS) and flow velocity of the 
sewage

Fig. 6  The particle size 
distribution of suspended 
solids in a hydroponic 
lagoon with a % content of 
particles
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the lagoon by the aeration system. Periodic aeration 
may cause occurrence of the advection process and 
deterioration of sedimentation conditions leading to 
uncontrolled outflow of small suspensions from the 
hydroponic ditch (Fries et al., 2008; Walters et al., 
2014).

5  Conclusions

On the basis of observations and performed tests and 
analyses, the following conclusions were formulated:

– Average measured velocity in the system of aer-
ated hydroponic lagoon was 0.070  m·s−1, which 
was ten times higher than the assumed rate of sew-
age displacement in the lagoon. Increase of the 
velocity changes the sedimentation condition in 
hydroponic ditch.

– Speed values caused by frequent and rapid work 
of aerators cause dynamic movement of organic 
matter and prevent slow sedimentation of particles 
to the bottom of the lagoon. This leads to outflow 
of organic matter to the receiving water body.

– The correlation between organic matter expressed 
by TOC and total suspended solids concentrations 
and the flow velocity of the sewage in hydroponic 
lagoon occurred. The correlation between BOD5 
and COD and the flow velocity is slight. Fur-
ther research is required to conclude whether the 
velocity of the sewage increases the concentration 
of pollutants in the surface layer of wastewater 
flowing through the ditch.

– The largest particle diameters were observed at 
the inlet to the lagoon where wastewater from the 
secondary settling tank is discharged. Over 90% of 
the particles had diameters greater than 178.5 μm. 
The particle diameters along with the sewage flow 
were reduced in the range from 800 to 0.8 μm.

– The values of parameters describing the content 
of organic matter in sewage were within the stand-
ards describing the quality of treated wastewater; 
however, improving the hydraulic conditions in 
hydroponic ditch may lead to higher sewage treat-
ment efficiency and hence to better protection of 
natural ecosystems.
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