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INTRODUCTION

Around the world, many countries are experi-
encing problems with water resources consumed 
by population, industry and agriculture. One so-
lution to this problem may be the use of treated 
wastewater, most of which is discharged to re-
ceiving bodies in the form of surface water. Mod-
ern multi-stage systems (mechanical-biological-
chemical) provide very high treatment efficiency 
which predisposes them to become a source of 
reusable treated wastewater. Treatment plants are 
able to remove microbiological contaminants by 
using disinfection with UV lamps. The agricultur-
al sector can use treated wastewater for crop irri-
gation, while service sectors and households can 
reuse water for urban cleanliness or firefighting. 

In selected industries, water can be used, for ex-
ample, for plant cooling purposes. Such solutions 
can bring environmental and financial benefits 
due to the reduced lack of need to draw water 
from surface and underground intakes (Ramm 
and Smol, 2023; Smith et al., 2018; Voulvoulis, 
2018). An interesting proposal, for example, is 
the use of treated wastewater for beer production 
(Clark, 2023). Water recovery is also part of cir-
cular economy (Czerwionka et al., 2025).

Although Europe is facing a growing water 
scarcity problem, it still lags behind Asia and 
North America in the implementation of treated 
wastewater reuse solutions (Tzanakakis et al., 
2023). Water scarcity in Europe was assessed 
using the water stress index (the ratio of annual 
water withdrawals from groundwater and surface 
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water to total renewable freshwater resources). 
At the time, it was estimated that 10% of the 
area and 14% of the population were affected 
by water scarcity (Bixio et al., 2006). European 
Union (EU) member states were ranked and di-
vided into four categories (Figure 1) according to 
their water stress index. Cyprus, Bulgaria, Malta 
and Belgium have the highest percentage of wa-
ter deficit index (40–80%). Countries located in 
warm climate zones with a high percentage of 
drought are the most advanced in the search for 
innovative water recovery technologies (Bixio 
et al., 2006; Ungureanu et al., 2020). The topic 
of water recovery has grown significantly in the 
EU, and is one of the most popular research areas 
in Europe. Belgium, Denmark, France, Germany, 
Greece, Italy, Netherlands, Poland, Portugal and 
Spain are the 10 EU countries with the high-
est number of publications on water recovery 
(Koseoglu-Imer et al., 2023).

The reuse of wastewater is subject to regula-
tions and legal standards for safe use and human 
protection. Guidelines depend on the region and 
country. Examples are the WHO guidelines for 
the use of wastewater in aquaculture and agricul-
ture and the reuse of drinking water (WHO, 2006) 
and the EU Regulation on requirements for wa-
ter reuse (EU 2020/741). Water reuse projects are 
more numerous in Southern European countries 
(Cyprus, Malta, France, Greece, Spain and Portu-
gal). Several projects have also been implemented 
in northern and central countries (Belgium, UK, 
Sweden) (Helmecke et al., 2020; Saurí and Ara-
huetes, 2019).

In order for the reuse of water from wastewa-
ter to be safe (e.g., not to pose a risk to human 
health, increase salinity in soils), advanced treat-
ment technologies are needed, and these are still 

being researched and developed by scientists 
(Mishra et al., 2023; Shakir et al., 2017). More 
and more municipal treatment plants are using ter-
tiary and quaternary wastewater treatment with a 
disinfection process. The choice of technology for 
water recovery is based on the quality and quan-
tity of wastewater. A number of physicochemical 
processes, biological processes, membrane tech-
nologies (reverse osmosis, ultrafiltration) and dis-
infection technologies (UV radiation etc.) can be 
used to recover water from wastewater. CW tech-
nologies can also be applied (Florides et al., 2024; 
Kehrein et al., 2021; Roccaro, 2018). 

CW beds have recently become a popular 
method of sewage treatment around the world. 
They are an efficient, low-cost methods (Lavrnić 
et al., 2020; Nan et al., 2020). They are also 
characterized by simple construction, easy op-
eration and do not generate waste. The technol-
ogy is very effective in eliminating conventional 
pollutants (TSS, COD, BOD5, nutrients). Heavy 
metals or microbial contaminants are also ef-
fectively removed, which predisposes CWs to 
be used in the recovery of water from treated 
wastewater (Almuktar et al., 2018; Hdidou et al., 
2022; Nan et al., 2020).

The scientific objective of the study was to de-
termine the treatment efficiency for organic mat-
ter, nutrients and microbial during CW treatment 
of sewage discharged from municipal and dairy 
WWTPs. The practical aim was parameter evalu-
ation for water recovery with CW technology. The 
research was conducted as part of a project on re-
covering water from treated wastewater for reuse. 
The research is part of a closed-loop economy, and 
is intended to be the basis for developing a simple 
system for recovering water from wastewater us-
ing the CW method.

Figure 1. European Union member states ranked by water stress index (Ungureanu et al., 2020)
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MATERIALS AND METHODS

Research installation

The research installation used in this study 
was designed in the Department of Technology 
in Environmental Engineering of Bialystok Uni-
versity of Technology (BUT). It was designed to 
treat different kinds of sewage: domestic, indus-
trial, reject water etc. (Dąbrowski et al., 2019). 
The main elements of the installation presented in 
Figure 3 were two VF-CWs filled typically with 
gravel and sand. A cross section of CW beds is 
presented in Figure 2. The total height of the CW 
beds was 0.8 m with three layers. 

Both beds were supplied from two retention 
tanks (one with treated municipal sewage from 
Bialystok WWTP and the other with treated 
dairy sewage from Mlekovita WWTP) with a hy-
draulic load of 0.4 m d-1. This value of hydraulic 
load is higher in comparison with a typical value 
for domestic wastewater treatment systems due 

to low contamination of sewage used in the ex-
periment (Brix and Arias, 2005). Typical hydrau-
lic load for raw domestic sewage is 0.05–0.20 m 
d-1. The beds were planted with Phragmites aus-
tralis. Figure 3 presents beds during vegetation 
period and a scheme of the research installation 
with sampling points (treated municipal sewage 
- I, after treatment with CW - II, treated dairy 
sewage - III and after treatment with CW - IV). 

Sampling and analytical procedures

To obtain the data for evaluation of treatment 
efficiency, ten series were performed during the 
vegetation period (May–June 2024). Research 
period was chosen due to fact, that water recov-
ery is usually performed from spring to autumn 
(vegetation period). Each series consisted of a 
treated municipal (I) and dairy sewage sample 
(III) and two samples of sewage after treatment 
with CWs (II, IV). The scope of the physical and 
chemical tests included: organic matter (BOD5, 

Figure 2. Cross section of VF CWs scheme of research installation

Figure 3. Research installation during vegetation (June) and scheme of research installation with sampling 
points (I-IV)
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COD), total nitrogen (TN), ammonia nitrogen 
(N-NH4), total phosphorus (TP) and turbidity 
(TB). The tests recommended by Merck were 
performed in the Department of Environmental 
Engineering and Natural Sciences laboratory 
at BUT. Wastewater testing was conducted fol-
lowing the requirements of the American Public 
Health Association (APHA, 2005) and Regula-
tion of the Minister of Maritime and Inland Wa-
terway Economy (Journal of Laws, 2019 item 
1311). Microbiological tests included determi-
nation of the TC and EC index (PN-EN ISO 
9308-2:2014-06 NPL). Determination of the TC 
and EC indexes was performed following the 
fermentation-tube method. Spectrophotometer 
Spectroquant Pharo 200 was used. BOD5 was 
determined using OXI-TOP®. In addition, mea-
surements of air temperature and dissolved oxy-
gen concentration were taken. 

Data analysis methodology 

Removed loads (per unit surface and time) 
were calculated using effluent and influent con-
centrations along with the hydraulic load:
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where:	Ceff, Cinf – effluent and influent concentra-
tions; l – hydraulic load; Lrem – removed 
load.

For BOD5 and COD the units of removed 
loads are:
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For nitrogen and phosphorus the removed 
loads were reported in the units of:
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Concentrations of organic matter, nitrogen 
and phosphorus compounds varied in the ana-
lyzed sewage. To compare them, treatment effi-
ciencies η were calculated (Kadlec and Wallace, 
2008): 
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By replacing the concentrations with turbidity 
in Equation 4, a similar formula gives turbidity 

removal efficiency (ηTB). TC and EC were com-
pared on a relative logarithmic scale by using re-
moval factors f, defined by: 
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where:	 f – removal factor, ln(∙) – natural 
logarithm.

Higher value of f means more microorganism 
removed from the sewage. 

Distributions of the obtained removal factors, 
removed loads and treatment efficiencies were 
presented using the following values:
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where:	mean – the mean; sd – standard deviation; 
median  – the median; mad – scaled abso-
lute deviation.

The scale for median absolute deviation was 
chosen so that it approaches asymptotically the 
standard deviation for data following natural dis-
tribution. Box plots were further used to present 
treatment efficiencies and removal factors. Each 
such box plot consists of a box (marking quartile 1 
and 3 along with median in the middle) and whis-
kers extending by a distance proportional to the in-
terquartile range, but not further than the minimum 
or maximum of the data (Chambers et al., 1983).

Plotting and data analysis were performed in 
R statistical environment version 4.4.0 “Puppy 
Cup” (CRAN R). Function boxplot available in 
the graphics package was used to generate the box 
plots. Packages stats and base provided functions 
for calculating aggregate statistical measures like 
mean, median, standard deviation and scaled me-
dian absolute deviation. Those packages are by 
default shipped with the R environment. 

RESULTS AND DISCUSSION

Table 1 shows the basic parameters of the mu-
nicipal and dairy WWTPs. The treated wastewater 
was used for further treatment to recover water. 
Both facilities have similar personal equivalent 
(PE) values. The municipal wastewater treatment 
plant handles a much higher daily flow than the 
dairy wastewater treatment plant, but the dairy 
wastewater is more concentrated in terms of or-
ganic pollutants. Table 2 presents input parameters 
of sewage used in the experiment (Figure 3 point 
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I and III).  In general, dairy wastewater is char-
acterized by a high organic content, which trans-
lates into high BOD5 and COD loads. Compared 
to municipal wastewater, their values are higher 
by up to 6–8 times. This includes crystallized and 
dissolved fats (triglycerides, glycerol), proteins 
(casein) and sugars (lactose) (Slavov, 2017; Struk-
Sokolowska, 2018). Municipal wastewater tends 
to have lower organic matter values, but is more 
diverse in composition (e.g., detergents, microor-
ganisms, heavy metals, microplastics) (Aziz and 
Ali, 2017). In the conducted experiment, organic 
matter content, measured as COD, is similar for 
both sources of sewage. Municipal sewage con-
tains less of easily biodegradable content than the 
dairy one (higher content of inorganic impurities). 
Nitrogen in dairy sewage occurs in the form of or-
ganic nitrogen (nucleic acids, urea, proteins) and 
NH4, NO3 and NO2 ions. Total nitrogen content 
is also very similar, but again, municipal sewage 
contains less ammonia nitrogen. Total phosphorus 
is also less concentrated. The presence of phospho-
rus in dairy wastewater may be related to the use 
of cleaning agents containing phosphates (Reder 
et al., 2018). It is worth noting that the content of 
nitrogen and phosphorus in dairy wastewater var-
ies depending on the type of processed dairy prod-
ucts and the technological processes used (Slavov, 

2017). Municipal sewage parameters are also less 
dispersed, as both standard deviations and scaled 
median absolute deviations are smaller. Those 
differences can be explained by treatment mecha-
nisms applied and original WWTP input concen-
trations. The greatest difference is in the microbial 
content. Municipal sewage contains two to three 
orders of magnitude greater concentrations of TC 
and EC than the dairy one. Municipal wastewa-
ter is characterized by a greater microbiological 
diversity, including containing a large number of 
pathogens (e.g. Salmonella, Clostridium). There-
fore, they pose a greater threat to public health. 
Dairy wastewater mainly contains microorgan-
isms associated with milk processing (e.g. Lac-
tobacilli, Streptococcus, yeasts and molds) (Shah 
and Patel, 2013; Ungureanu et al., 2018). Table 3 
shows the treatment efficiencies and removal fac-
tors obtained in the experiment.

Relative effect of treatment is presented also 
in Figure 4 and Figure 5. Treatment efficiencies 
are very similar for BOD5, COD, and TP. Slightly 
higher results were achieved for dairy wastewater 
due to the higher amount of readily biodegradable 
organics. Studies indicate that these systems can 
achieve organic compound reductions of 60–90% 
(Dabrowski et al., 2019; Stefanakis et al., 2014) 
and TP of about 50% (Dabrowski et al., 2021). 
TN and TB removal efficiencies show greater dif-
ferences, but still the median efficiency obtained 
on municipal sewage falls within the range of the 
dairy one. A study of brewery wastewater treat-
ment showed 54.6% TN reduction (Dabrowski et 
al., 2021). Ammonia nitrogen removal is clearly 
different for both sewage sources. High efficien-
cy of ammonia nitrogen removal is possible due 
to nitrification processes, supported by oxygen 

Table 1. Basic parameters of the municipal and dairy 
WWTPs (data obtained from exploiters in 2023)
Parameter Unit Value

Municipal sewage (PE) - 515 804

Raw municipal sewage flow (2023) m3 d-1 58 951

Dairy sewage PE - 520 000

Raw dairy sewage flow (2023) m3 d-1 8 800

Table 2. Input parameters of municipal and dairy sewage used in the experiment. BOD5, COD, N-NH4, TN and TP 
in mg l-1, TC and number of EC-CFUs in 100 ml-1

Influent parameters and units Dairy Municipal 

5,inf BODC  6.3 ± 2.0 (6.5 ± 3.0) 4.25 ± 0.87 (4.00 ± 0.74) 

,inf CODC  40.7 ± 7.7 (41.0 ± 9.6) 38.1 ± 5.2 (40.0 ± 3.0) 

4,inf N NHC −  6.3 ± 2.3 (6.0 ± 2.8) 1.58 ± 0.45 (1.50 ± 0.67) 

,inf TNC  9.2 ± 3.5 (7.7 ± 2.3) 9.26 ± 0.61 (9.40 ± 0.59) 

,inf TPC  1.03 ± 0.29 (1.00 ± 0.22) 0.308 ± 0.076 (0.300 ± 0.111) 

,inf TCC  3 230 ± 960 (3 220 ± 990) 113 000 ± 10 000 (111 000 ± 12 000) 

,inf ECC  39 ± 12 (39 ± 11) 25 800 ± 8 100 (27 100 ± 7 600) 
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access and appropriate environmental conditions 
(Tan et al., 2017).

Besides TP, removal efficiency is generally 
higher for dairy sewage. Removal factors ob-
tained on sewage from both sources differ signifi-
cantly. Treatment of municipal wastewater with 
VF-CW yields favorable results in the removal 
of microbial contaminants. There are many oth-
er studies confirming the effectiveness of SS-
VF CWs in reducing pollutants in both dairy 
(Minakshi et al., 2021; Yazdani et al., 2023) and 
municipal wastewater (Abou-Elela et al. 2013). 
In a study conducted by Garcia-Avila (2020), the 
removal efficiency of TC and fecal coliforms (FC) 
was 96.02 and 93.74% respectively. A study in 
Oman showed that the VF-CW system achieved 

an average removal efficiency of up to 99.9% 
for TC and 99.8% for FC (Kamal, 2023). Table 
4 presents removed loads, measured in g ∙ m–2 d–1. 
This is a universal indicator used to evaluate the ef-
fectiveness of CW (Mæhlum and Stålnacke, 1999; 
Obarska-Pempkowiak et al., 2015).

Similar results were achieved for the removal 
of organic compound loads measured by BOD5 
and COD values. A slightly better effect was ob-
served for dairy wastewater. The removed pollut-
ant loads were significantly lower than in the case 
of municipal wastewater treatment despite the use 
of high hydraulic loading (Kadlec and Wallace, 
2008). This was due to the fact that the experi-
ment used treated dairy and municipal wastewa-
ter characterized by low concentrations of BOD5 

Table 3. Treatment efficiencies and removal factors obtained on sewage used in the experiment
Treatment efficiency/Removal factor Dairy Municipal 

5BOD  0.634 ± 0.096 (0.646 ± 0.134) 0.61 ± 0.13 (0.60 ± 0.15) 

COD  0.729 ± 0.039 (0.735 ± 0.031) 0.693 ± 0.069 (0.733 ± 0.034) 

4N NH −  0.959 ± 0.013 (0.955 ± 0.016) 0.830 ± 0.079 (0.834 ± 0.104) 

TN  0.37 ± 0.13 (0.35 ± 0.13) 0.314 ± 0.067 (0.310 ± 0.099) 

TP  0.32 ± 0.18 (0.26 ± 0.12) 0.318 ± 0.122 (0.292 ± 0.099) 

TB  0.866 ± 0.048 (0.871 ± 0.039) 0.832 ± 0.060 (0.839 ± 0.066) 

TCf  2.42 ± 0.32 (2.51 ± 0.22) 3.70 ± 0.16 (3.74 ± 0.11) 

ECf  1.54 ± 0.53 (1.58 ± 0.34) 3.55 ± 0.24 (3.57 ± 0.25) 

 

Figure 4. Treatment efficiencies obtained during the process
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and COD. The same was true for ammonium and 
total nitrogen. The results achieved were much 
lower than, for example, in the case of treatment 
of domestic wastewater or from septic tanks (Kar-
olinczak and Dabrowski, 2017). The difference 
in ammonia nitrogen removed loads is related to 
both treatment efficiencies and input concentra-
tions. Nitrification and denitrification processes 
are crucial in filtration layers to enable efficient 
conversion of ammonia to nitrate. In contrast, to 
remove TN, anaerobic zones or hybrid systems 
are needed to reduce nitrates to gaseous nitrogen 
(Vymazal, 2013). The slightly better phosphorus 
removal results from dairy wastewater were due, 
as with the other indicators, to the higher concen-
trations observed in the experiment.

CONCLUSIONS 

The CW systems used in the experiment were 
designed to clean the wastewater discharged 

from the treatment plants (municipal and dairy) 
for reuse-recovery of water.

During the experiment, a much higher hy-
draulic load, than for domestic wastewater treat-
ment, was applied. A high organic matter and 
nitrogen removal effect was achieved. It was 
slightly higher for dairy wastewater, which had 
a higher pollutant concentrations, compared to 
municipal wastewater. The pollutant removal 
effect, measured as the BOD5 load removed 
by unit area of the bed, was higher for dairy 
wastewater (1.57 g ∙ m–2 d–1), than for municipal 
wastewater (1.032 g ∙ m–2 d–1). For ammonium 
nitrogen it was 2.40 and 0.53 g ∙ m–2 d–1 , and for 
phosphorus it was 0.127 and 0.038 g ∙ m–2 d–1 , 
respectively.

The biggest difference between the input 
parameters of municipal and dairy wastewater 
was observed in the microbiological parameters. 
Higher TC and EC removal rates/factors were ob-
tained for the municipal wastewater. Dairy waste-
water after the treatment process in industrial 

Figure 5. Removal factors obtained during the process

Table 4. Loads removed during the experiment
Load removed Dairy Municipal 

5,rem BODL
 

1.57 ± 0.40 (1.60 ± 0.59) 1.03 ± 0.27 (1.20 ± 0.00) 

,rem CODL
 

11.9 ± 2.4 (12.4 ± 2.4) 10.6 ± 1.8 (10.8 ± 1.8) 

4,rem N NHL −  
2.40 ± 0.89 (2.32 ± 1.13) 0.53 ± 0.19 (0.46 ± 0.21) 

,rem TNL
 

1.33 ± 0.57 (1.34 ± 0.65) 1.18 ± 0.31 (1.14 ± 0.47) 

,rem TPL
 

0.127 ± 0.070 (0.100 ± 0.030) 0.038 ± 0.016 (0.040 ± 0.000) 
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WWTPs is characterized by significantly lower 
microbiological parameters compared to the 
tested municipal wastewater. The TC parameter 
in the dairy wastewater used in the VF-CW bed 
treatment experiment averaged 3230, while for 
municipal wastewater it was 113,000 and the EC 
was 39 and 25800, which clearly predisposes 
dairy wastewater for reuse.

CW systems are a promising technology for 
recovering water from wastewater, playing an 
important role in realizing the goals of a closed-
loop economy. With their efficiency, low cost and 
labor, they can contribute to reducing water short-
ages in an environmentally friendly way.
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