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a Laboratory of Chemical and Environmental Engineering (LEQUiA), Institute of the Environment, University of Girona, Carrer Maria Aurèlia Capmany 69, E-17003, 
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A B S T R A C T   

The performance of an innovative, decentralized, nature-based wastewater treatment system composed of 
modular units (vermifilters and zooplankton-based reactors) on a pilot scale level (10 p.e.) is presented here. The 
efficiency of this system was evaluated over a 10-months period under controlled conditions at different flow- 
rates (750, 1,500 and 3,000 L⋅d-1). Vermifiltration alone delivered average removals of 88 ± 7%, 89 ± 8%, 
91 ± 8% and 85 ± 19% for COD, TSS, NH4+ and BOD5, respectively. Zooplanktonbased reactor provided an 
important polishing stage that allowed the achievement of removal efficiencies above 95% for TSS, NH4+ and 
91% for COD and BOD5, respectively. As the main function of zooplankton-based reactor is to filter fine particles 
(<30 μm), removal efficiencies of E.coli and turbidity were improved showing the good performance of this 
reactor as a nature-based tertiary system. The system showed promising results at flow-rates between 750 and 
1,500 L⋅d-1 and only for short periods of time (less than fifteen days) at 3,000 L⋅d-1. The effluent water obtained 
was suitable for reuse for different purposes such as agricultural irrigation and process water in conformity with 
Spanish legislation. These results demonstrate that the integrated system presented here can be used as an eco- 
sustainable wastewater treatment and also to provide an effluent suitable for reuse.   

1. Introduction 

Intensive wastewater treatments such as activated sludge can pro-
vide good sanitation, but their high installation and operational costs 
make these systems unaffordable for small communities. It is necessary 
to develop sustainable technologies that can improve both wastewater 
treatment and water reuse with affordable initial capital outlays and 
operational costs. Nature-based solutions (NBS) could play a crucial role 
in this, but the maintenance requirements, electricity consumption, 
large area needed and meeting discharge criteria all year round can still 
be problematic. Most of these systems are based on the use of bacteria, 
plants and algae [1,2]. Only a few have explored the use of other bio-
logical organisms. One example is vermifiltration, in which the com-
bined action of earthworms and bacteria, supported by a solid matrix 
that also acts as a filter unit, reduces the organic matter, solid and 
ammonium content [3–5], although the quality of the effluent 

sometimes falls short of the reuse criteria [6]. An innovative 
zooplankton reactor based on the filtration capacity of Daphnia magna 
(Cladocera order) combined with microbial/algae biofilm was devel-
oped to regenerate secondary wastewaters from an activated sludge 
system [7,8]. The reactor proved to be effective for the removal of solids 
and pathogens due to the D. Magna activity, producing effluent water 
suitable to be reused in accordance with Spanish water reuse legislation 
[9]. D. magna activity is affected by the concentration levels of organic 
matter [8], ammonium and nitrite [10] of raw wastewater, hence, their 
use is limited as a tertiary biological filter [11–13]. 

This study evaluates the integration of vermifilter and zooplankton- 
based reactors to develop an innovative, decentralized NBS that is able 
to regenerate wastewater in small communities. This low maintenance 
integrated system has the potential to efficiently remove organic matter, 
ammonium, solids and pathogens, giving an effluent water that meets 
quality criteria for agricultural irrigation and other uses. 
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2. Materials and methods 

2.1. Pilot plant 

The integrated pilot plant was set-up and installed at the sewage 
treatment plant of Quart (41.966742 ◦N, 2.844997 ◦E, Spain) (Fig. 1). 
Influent wastewater was directly taken from the WWTP inlet, passed 
through a hydraulic circuit to separate coarse solids and grease, and then 
pumped directly to the vermifilters. The wastewater characteristics were 

pH 7.4 ± 0.2, 1.5 ± 0.2 mS⋅cm-1, 706 ± 407 mgO2⋅L-1, 30.9 ± 11.5 mgN- 
NH4

+⋅L-1, 0.5 ± 1.2 mgN-NO3
-⋅L-1, 0.1 ± 0.1 mgN-NO2

-⋅L-1, 5.5 ± 3.6 
mgP-PO4

3-⋅L-1, and 549 ± 866 mgTSS⋅L-1. The pathogens load was 
2.3⋅10+6 ± 0.9⋅10+6 CFU⋅100mL-1 E. coli, 5.7⋅10+6 ± 0.8⋅10+6 

CFU⋅100mL-1 total coliforms and 0.5⋅10+6 ± 0.4⋅10+6 CFU⋅100mL-1 

Enterococcus. 

2.1.1. Vermifilters 
Vermifiltration was performed in two identical cylindrical reactors 

Fig. 1. Pilot at WWTP of Quart (41.96674 ◦N, 2, 2.844997 ◦E, Spain) (a) Scheme of the integrated system (1,2,3 indicate the sampling points), b) picture of the pilot 
plant: VF1 and VF2 are the two Vermifilters and ZP refers to the Zooplankton-based reactor, and c) detail of the connecting tank. 

Table 1 
Wastewater flow-rates used for the integrated Vermifilter-Zooplankton-based system. 
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working in parallel (1.2 m diameter and 1.7 m height) (Fig. 1). The 
filling media was composed, from bottom to top, of river pebbles 40/60 
mm (0–0.2 m), pozzolana 15/20 mm (0.2–0.4 m) and woodchip 15/25 
mm (0.4–1.4 m height). About 15,000 earthworms (Eisenia fetida, 
Lombriventa, Spain) were added. The inlet was located at the upper side 
of the reactor and wastewater flowed through the media filling to the 
effluent, located at the bottom of the reactors. Reactors were operated in 
fed-batch mode, with 5 min feeding and 25 min drawing. After a start-up 
period that lasted three months, the effluent quality required to connect 
the two vermifilters with the zooplankton-based reactor was achieved 
[8,10]. 

2.1.2. Zooplankton-based reactor 
The zooplankton-based reactor (1,500 L) was fed with the vermifilter 

effluent and inoculated with D. magna (0.1 ind⋅L-1) collected from a 
laboratory aquarium culture [7,13]. After a period of 30 days the pop-
ulation was found to be stable and the experimental period started. 

2.2. Evaluation of the water-flow effect 

The integrated system was designed to operate normally at 1,500 L⋅d- 

1 (3.6 days HRT). Short stress-tests (Table 1) were performed to evaluate 
the effect of a decrease in the influent flow-rate (750 L⋅d-1) and of an 

overflow (3,000 L⋅d-1). 

2.3. Chemical and microbiological analyses 

Appropriate volumes of influent and effluent samples, collected at 
the inlet/outlet of the vermifilters and at the outlet of the zooplankton- 
based reactor, were regularly taken to analyse the E. coli, Total coliforms 
and Enteroccocus content, pH, conductivity, chemical oxygen demand 
(COD; Merck, Germany), biological oxygen demand (BOD5; OxiTop®, 
ThermoFisher, USA), total suspended solids (TSS), turbidity (DR3900, 
Hach Lange, Germany) and nitrites (N–NO2

-), nitrates (N–NO3
-), 

ammonium (N–NH4
+), and ortophosphates (P-PO4

3-) (Dionex, Ther-
moFisher, USA), in accordance with American Public Health Association 
(APHA) standards [14]. The wastewater particle size distribution was 
measured with the Lisst-100x particle size analyser (Sequoia Inc., USA). 
Since Daphnia feed on particles that are less than 30 μm in diameter, the 
volume concentration of particles within the range of 2.5 to 30 μm was 
calculated [10] and used as a proxy to evaluate particle removal. 

3. Results and discussion 

3.1. Suspended solids, organic matter and nitrogen removal 

The integrated system worked at 1,500 L⋅d-1 under normal condi-
tions (Table 2). Influent wastewater contained 549 ± 866 mgTSS⋅L-1. 
Good vermifilter performance was achieved removing suspended solids 
(89 ± 8% TSS removal), providing an effluent concentration of 27 ± 14 
mgTSS⋅L-1, which is below the discharge limit (35 mgTSS⋅L-1) [15]. The 
zooplankton-based reactor then further reduced the TSS content to 13 ±
6 mgTSS⋅L-1. This corresponds to 95 ± 4% TSS removal overall, well 
above rates typically observed for other low-cost wastewater treatments 
such as waste stabilization ponds (67%) [2], and similar to the ranges of 
more costly membrane bioreactors (85–99%) [16]. 

No significant differences were observed in the removal efficiencies 
of particles of different sizes (one-way ANOVA test, p-value>0.05). In the 
vermifilters, the removal efficiencies of particles with a diameter <100 
μm and <30 μm were 87 ± 13% and 83 ± 27%, respectively, due to the 
combination of the different filtering materials and the earthworm ac-
tivity. Particle removal was further increased to 97 ± 1 and 98 ± 1% for 
particles <100 μm and <30 μm, respectively, due to the Daphnia 
filtration. Thus, particles of different sizes were removed in the inte-
grated system by the combined action of earthworms, filtering materials 
and Daphnia magna individuals (mean number concentrations of 321 ±
215 ind⋅L-1) [17]. 

In spite of the great variability in the influent organic matter content 
(706 ± 407 mgO2⋅L-1), the vermifilter effluent constantly presented low 
COD content (58 ± 16 mgO2⋅L-1), corresponding to COD removal of 88 
± 7%, which is in the top range of performances reported in the liter-
ature (67–90%) [18,19]. The zooplankton reactor further decreased the 
effluent COD content to 43 ± 9 mgO2⋅L-1 [7]. Effluent COD values for the 
integrated system met the discharge standards (<125 mgO2⋅L-1). The 
overall integrated system achieved higher COD removals (91 ± 7%) than 
waste stabilizations pond (62%) [2], and similar to membrane bio-
reactors and activated sludge systems (70–90%) [16]. With regards to 
BOD5, the integrated system achieved a decrease from 392 ± 262 
mgO2⋅L-1 to 38 ± 13 mgO2⋅L-1, obtaining higher removals (91 ± 5%) 
than minimum standards (70–90%) [15]. Particulate organic matter was 
removed by the filtering activity of the different reactors, whereas dis-
solved COD was probably removed by the action of aerobic bacteria in 
the two systems. 

Ammonium content decreased from 30.9 ± 11.5 mgN-NH4
+⋅L-1 to 

2.5 ± 2.3 mgN-NH4
+⋅L-1 in the vermifilter, and then to 1.6 ± 1.8 mgN- 

NH4
+⋅L-1 in the zooplankton reactor. Hence, total ammonium removal 

(94 ± 8%) presented values which were similar to those obtained using 
vermifiltration alone (92%) [18], and higher than membrane bio-
reactors and activated sludge (70–90%) [16]. The reduction in the COD 

Table 2 
Results of the system operating under nominal load of 1500 L d-1. Removal at the 
Vermifilter effluent accounts for the removal of the Vermifilter reactors. 
Removal at the Zooplankton effluent accounts for the removal of the integrated 
system (Vermifilter and Zooplankton).    

Influent Vermifilter 
effluent 

Zooplankton 
effluent 

TSS Content 
(mgTSS⋅L-1) 

549 ± 866 27 ± 14 13 ± 6 

Removal (%)  89 ± 8 95 ± 4 
Suspended 

particle 
concentration 
d < 30 μm 

Content 
(μL⋅L-1) 

138 ± 91 11 ± 9 2 ± 2 

Removal (%)  83 ± 27 98 ± 1 

Suspended 
particle 
concentration 
d < 100 μm 

Content 
(μL⋅L-1) 

300 ± 192 27 ± 22 7 ± 3 

Removal (%)  87 ± 13 97 ± 1 

COD Content 
(mgO2⋅L-1) 

706 ± 407 58 ± 16 43 ± 9 

Removal (%)  88 ± 7 91 ± 7 
BOD5 Content 

(mgO2⋅L-1) 
392 ± 262 60 ± 25 38 ± 13 

Removal (%)  85 ± 9 91 ± 5 
N–NH4

+ Content 
(mgN⋅L-1) 

30.9 ±
11.5 

2.5 ± 2.3 1.6 ± 1.8 

Removal (%)  91 ± 8 94 ± 8 
N-TN Content 

(mgN⋅L-1) 
31 ± 11 34 ± 6 30 ± 9 

Removal (%)  - - 
P-PO4

3- Content 
(mgP⋅L-1) 

5.4 ± 4.5 5.1 ± 1.1 4.6 ± 1.4 

Removal (%)  - - 
E. coli Content 

(CFU⋅100mL- 

1) 

2.2⋅10+6 

±1.0⋅10+6 
1.5⋅10+5 

±1.4⋅10+5 
3.1⋅10+4 

±5.4⋅10+4 

Removal (%)  93 ± 7 98 ± 3 
Total coliforms Content 

(CFU⋅100mL- 

1) 

5.8⋅10+6 

±3.5⋅10+6 
1.5⋅10+6 

±1.3⋅10+6 
2.7⋅10+5 

±2.9⋅10+5 

Removal (%)  74 ± 21 95 ± 5 
Enterococcus Content 

(CFU⋅100mL- 

1) 

5.4⋅10+5 

±6.2⋅10+5 
3.1⋅10+4 

±3.4⋅10+4 
9.5⋅10+3 

±2.0⋅10+4 

Removal (%)  91 ± 10 98 ± 3 
NTU Content 

(NTU) 
511 ± 592 38 ± 44 10 ± 6 

Removal (%)  89 ± 13 97 ± 3  
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Fig. 2. Evolution of content and removal at different influent wastewater flow-rates of: A) Total suspended solids (TSS); B) Organic matter (COD); C) Ammo-
nium (N–NH4

+). 

Fig. 3. Evolution of content and removal at different influent wastewater flow-rates of: A) E. coli; B) Total coliforms; C) Enterococcus.  
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and ammonium content achieved by the vermifilter permitted its suc-
cessful coupling to the zooplankton reactor, avoiding Daphnia inhibition 
[8,10]. However, ammonium was accumulated as nitrate at the vermi-
filter and zooplankton effluents (99 ± 21% and 91 ± 28%, respectively), 
resulting in an effluent total nitrogen content (TN), which is unregulated 
in the case of small communities, of 30 ± 9 mgN⋅L-1. The aerobic 
environment of the vermifilter and zooplankton reactors allowed the 
successful conversion of ammonium into nitrate by nitrifying bacteria, 
but the lack of electron donors limited denitrifying activity. No signifi-
cant variation was observed in ortophosphate content. 

The reduction of the flow to 750 L⋅d-1 did not have a significant 
impact on the system performance (Fig. 2). However, when overflow 
conditions (3,000 L⋅d-1) were applied, the impact on the system was 
greater. For instance, NH4

+ removal was 94 ± 8% at 1,500 L⋅d-1 but only 
83 ± 5% at 3,000 L⋅d-1. Nevertheless, the integrated system still met the 
standard effluent quality criteria in terms of TSS (26 ± 10 mgTSS⋅L-1), 
COD (62 ± 21 mgO2⋅L-1) and BOD5 (78 ± 11% removal) when overflow 
conditions were applied [15]. It is worth noting that Daphnia, which is 
particularly sensitive to flow-rate changes, remained mostly stable since 
particle removal was maintained above 97% under the different flow 
rates tested. 

3.2. Turbidity and pathogen removal 

The presence of Daphnia in the zooplankton-based reactor was ex-
pected to decrease both turbidity and the pathogen load, permitting 
water reuse (Table 2). 

Vermifilters permitted a significant decrease in the turbidity from 
511 ± 592 to 38 ± 94 NTU (89 ± 13% removal). However, these values 
were still above those required for stricter water reuse purposes (<15 
NTU, [9]). The coupling of a zooplankton reactor resulted in these 
values being improved to 10 ± 6 NTU (97 ± 3% removal), meeting the 
turbidity requirements for broader water reuse applications. 

Pathogen removal was observed in both the vermifilters and the 
zooplankton-based reactor. The aerobic characteristics and the filter 
activity of the vermifilter allowed a decrease of around 1 logarithmic 
unit of the different microbiological parameters. For example, E. coli was 
removed at 93 ± 7%. The removal of pathogens becomes harder as their 
concentration decreases, which is when the contribution of a 
zooplankton reactor becomes important. The Daphnia population ach-
ieved a decrease in the pathogen content by an additional logarithmic 
unit, resulting in an increase of the overall removal to values above 95% 
in E. coli, Total coliforms and Enterococcus. It has been previously re-
ported that E. coli removal in vermifiltration can present seasonal fluc-
tuations from 33.9 to 96.8% [6]. In the present study, E. coli removal 
fluctuated only between 78.9 and 99.3% in the vermifilter, and between 
89.4 and 99.9% with the full integrated system. 

The application of different wastewater flow-rates was expected to 
affect the performance in removing particles and pathogens [7,8]. 
However, the NTU at the effluent of the system fluctuated from 17 ± 21 
to 5 ± 3 NTU from 750 to 3,000 L⋅d-1 (Fig. 3). The lengthening of the 
operational time in the zooplankton reactor provided greater robustness 
to the system in terms of particle removal [7]. On the other hand, the 
E. coli content at the effluent of the integrated system was 2.62⋅10+3 ±

3.30⋅10+3 at 750 L⋅d-1 and 8.25⋅10+4 ± 3.98⋅10+4 at 3000 L⋅d-1. This 
represents an increase of 1 logarithmic unit, which decreases the options 
for water reuse applications. 

3.3. Valuing effluent water 

The integrated system produced an effluent that met the standards 
required for treated wastewater in terms of organic matter content (COD 
<125 mgO2⋅L-1, 70–90% BOD5 removal) and solids (<35 mgTSS⋅L-1). In 
the case of small communities (<10,000 p.e.), such as the ones targeted 
with the current nature-based solution, the effluent wastewater would 
meet all the standards required [15]. Further values from effluent water 

can be found in reuse applications [9]. At a nominal load of 1,500 L⋅d-1, 
outlet could be safely used for applications requiring <1⋅10+4 

CFU⋅100mL-1 and/or <35 mgTSS⋅L-1, such as forest and agricultural 
irrigation of non-food products and to refill recreational lakes. At 750 
L⋅d-1, the uses could be extended to those requiring <1⋅10+3 

CFU⋅100mL-1 and <35 mgTSS⋅L-1. Under these conditions, effluent 
water could also be reused for agricultural irrigation if direct contact 
with edible parts is avoided and as process water in food industries. In 
addition, the full conversion of ammonium into nitrate could be pre-
sented as an opportunity to replace the nitrogen and phosphorus 
currently used in agriculture [20], given that the irrigating water 
already contains the fertilizer. 

4. Conclusions 

This case study demonstrates that vermifilters and zooplankton- 
based reactors coupled together are a sustainable approach for 
providing sanitation and water reuse with low maintenance costs. 
Wastewater was successfully treated in terms of TSS (95 ± 4% removal), 
COD (91 ± 7% removal), ammonium (94 ± 8% removal) and pathogens 
(98 ± 3% E. coli removal) at a nominal load of 1,500 L⋅d-1 (3.6 days 
HRT). The effluent was suitable for water reuse in four different cate-
gories (e.g. agricultural irrigation and process water) according to 
Spanish water reuse legislation, and it contained nitrate that could be 
used as fertilizer. Further studies are required to improve the robustness 
of the system at overload conditions (3,000 L⋅d-1). The nature-based 
solution developed in the current study is a promising alternative for 
low income communities, supporting local water and nutrient recovery 
initiatives. 
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