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• A scalable, low-cost, low-carbon, and 
retrofittable tertiary water treatment 
biotechnology for the removal of 
persistent chemical pollutants 

• At laboratory scale, removal efficiency 
is 90% for diclofenac, 60% for arsenic, 
59% for atrazine and 50% for PFOS. 

• Sustained removal efficiency of diclofe-
nac was validated over four weeks at 
prototype scale. 

• The Daphnia-based technology has 
technical, commercial and sustainability 
advantages over established and 
emerging treatments.  
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A B S T R A C T   

Urbanisation, population growth, and climate change have put unprecedented pressure on water resources, 
leading to a global water crisis and the need for water reuse. However, water reuse is unsafe unless persistent 
chemical pollutants are removed from reclaimed water. State-of-the-art technologies for the reduction of 
persistent chemical pollutants in wastewater typically impose high operational and energy costs and potentially 
generate toxic by-products (e.g., bromate from ozonation). Nature-base solutions are preferred to these tech-
nologies for their lower environmental impact. However, so far, bio-based tertiary wastewater treatments have 
been inefficient for industrial-scale applications. Moreover, they often demand significant financial investment 
and large infrastructure, undermining sustainability objectives. Here, we present a scalable, low-cost, low-car-
bon, and retrofittable nature-inspired solution to remove persistent chemical pollutants (pharmaceutical, pes-
ticides and industrial chemicals). We showed Daphnia’s removal efficiency of individual chemicals and chemicals 
from wastewater at laboratory scale ranging between 50 % for PFOS and 90 % for diclofenac. We validated the 
removal efficiency of diclofenac at prototype scale, showing sustained performance over four weeks in outdoor 
seminatural conditions. A techno-commercial analysis on the Daphnia-based technology suggested several 
technical, commercial and sustainability advantages over established and emerging treatments at comparable 
removal efficiency, benchmarked on available data on individual chemicals. Further testing of the technology is 
underway in open flow environments holding real wastewater. The technology has the potential to improve the 
quality of wastewater effluent, meeting requirements to produce water appropriate for reuse in irrigation, in-
dustrial application, and household use. By preventing persistent chemicals from entering waterways, this 
technology has the potential to maximise the shift to clean growth, enabling water reuse, reducing resource 
depletion and preventing environmental pollution.   

1. Introduction 

Urbanisation, population growth, unsustainable food production and 
climate change have put unprecedented pressure on water resources, 
leading to a global water crisis (Joseph et al., 2020; Mancosu et al., 
2015; Mishra et al., 2021). Sustainable use of water resources including 
the reclamation of previously used water are needed for sustaining 
people’s societal, economic and environmental future. However, 
persistent chemical pollutants in treated wastewater (pharmaceuticals, 
pesticides, and industrial chemicals), originating from domestic and 
industrial processes, escape conventional wastewater treatment and 
prevent its safe reuse (K’Oreje et al., 2016; Rimayi et al., 2018). Ineffi-
cient wastewater treatment contributes significantly to the high number 
of chemicals found in the environment (Naidu et al., 2021; Wang et al., 
2014). Wastewater effluent discharged into rivers is one of the main 
routes of distribution of chemical pollutants, as rivers are the main 
component of water reservoirs, irrigation and aquifer recharges. 
Through these uses of surface water, chemical pollutants make their way 
to humans through the food chain and water supply, adversely affecting 
the health of million people every year (Fuller et al., 2022). Contami-
nation of water resources not only impacts human health, but also 
contributes to the loss of biodiversity and the deterioration of ecosystem 
services worldwide (Backhaus et al., 2012; Cardinale et al., 2012). 

Wastewater treatment only removes a small proportion of chemical 
pollutants (Blum et al., 2017; Sutherland and Ralph, 2019) through 
adsorption onto activated sludge (Tran et al., 2018) or biotransforma-
tion, even if a mechanistic understanding of the latter is still superficial 
(van Bergen et al., 2021). Tertiary wastewater treatments designed to 
reduce micropollutants, such as ozonation and chlorination have high 
operational and energy costs, require large infrastructure, and can 
generate toxic by-products (e.g., bromate from ozonation; organo- 
chlorine compounds from chlorination) (Jahan et al., 2021; Li and 
Mitch, 2018). Moreover, the removal efficiency of these tertiary treat-
ment technologies is affected by the hydrophobicity and ionization 
characteristics of chemical pollutants (Ma et al., 2018), meaning that the 
substrate determines the contaminants that can be removed. Often, 
multiple tertiary treatment technologies must be combined to remove a 
wide range of chemical pollutants (Skouteris et al., 2015). Biological 
tertiary wastewater treatments (e.g., phytoremediation and phycor-
emediation) have been advocated to manage wastewater sustainably, 
enabling water reuse and allowing the recovery of valuable resources 
such as nutrients and energy (Duque et al., 2021). However, these 

solutions are too slow for industrial-scale operations, requiring days 
rather than the needed hours to treat wastewater effluent, and require 
large infrastructure, undermining sustainability objectives (Wollmann 
et al., 2019). 

Here, we pioneered and prototyped a scalable, low-cost, low-carbon, 
and retrofittable nature-inspired tertiary treatment technology for 
municipal wastewater. It uses Daphnia (waterfleas) to non-selectively 
remove chemical pollutants from secondary treated wastewater, 
improving wastewater effluent quality. Daphnia populations are retro-
fitted in containment devices within secondary clarifiers to polish 
effluent before final discharge. Once installed, the technology is largely 
self-sustaining, thanks to the ability of Daphnia to reproduce clonally. 
Daphnia’s exceptionally long dormancy (hundreds of years) enables the 
resurrection of dormant populations that have experienced different 
historical pollution pressures. Our pioneering research on Daphnia 
enabled us to leverage these properties and source strains with different 
tolerance to chemical pollutants to be employed in the technology 
development (Abdullahi et al., 2022a; Abdullahi et al., 2022b). In a 
previous laboratory study, we benchmarked the Daphnia’s removal of 16 
pharmaceuticals from wastewater against other biological agents, i.e., 
algae and bacteria (Abdullahi et al., 2022a). Here, we show removal 
efficiency of an industrial chemical [e.g., perfluorooctanesulfonic acid 
(PFOS), a pesticide (atrazine), a heavy metal (arsenic) and a pharma-
ceutical (diclofenac)] by Daphnia strains, both as individual chemicals 
and as mixtures in secondary treated wastewater. These chemicals are 
on the priority list of regulatory agencies world-wide and have been 
shown to cause adverse health effects in humans and wildlife (Fuller 
et al., 2022). We show that chemicals taken up by Daphnia are not 
released back into the water, both in laboratory settings and in semi- 
natural outdoor conditions. We show sustained performance of the 
technology at prototype scale, using diclofenac as proxy chemical, 
mimicking conditions of secondary clarifiers in wastewater plants and 
using volumes of water comparable to the wastewater generated by a 
single household. The technology has the potential for applications in 
municipal wastewater treatment. It can maximise the shift to clean 
growth, enabling water reuse, reducing resource depletion and envi-
ronmental pollution. 

2. Materials and methods 

We present a nature-inspired technology that removes persistent 
chemical pollutants from secondary treated wastewater, providing a 
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polishing step for wastewater before effluent discharge. We use meth-
odologies from different disciplines, including biology to identify 
Daphnia strains tolerant to chemicals, environmental chemistry to 
quantify chemical removal efficiency and engineering to prototype the 
technology at small scale in semi-natural conditions. We prove removal 
efficiency of four chemical pollutants in the priority list of regulatory 
agencies worldwide at laboratory scale. We also compare removal effi-
ciency of individual chemicals and mixture in wastewater. This exercise 
shows that the chemicals are not released back into the water. We use 
one of the chemicals used in the laboratory settings as a proxy to prove 
the performance of the technology at prototype scale in semi-natural 
outdoor conditions. Finally, we complete a techno-commercial anal-
ysis to identify comparative advantages of our nature-inspired technol-
ogy over established tertiary treatments. 

2.1. Exposures of Daphnia strains to chemical pollutants in controlled 
laboratory conditions 

Daphnia magna strains used for the technology development were 
revived (resurrected) from multiple sedimentary archives with a well- 
documented history of anthropogenic change. To protect commer-
cially sensitive information, the proprietary strains are only labelled 
with DM (Daphnia magna) and the approximate age of the strain. For this 
study, we used four Daphnia strains of different ages, spanning a century: 
DM1900; DM1960; DM1980; and DM2015. 

Our first action was to assess chemical removal efficiency of different 
chemical pollutants by strains of Daphnia magna with different histories 
of exposure to chemicals. For this assessment, we exposed four strains, in 
triplicates over 3 days, to borehole water spiked with known concen-
trations of an industrial chemical (PFOS: 70 ng/L; CAS:2795-39-3), a 
biocide (atrazine:0.2 mg/L; CAS:1912-24-9), a pharmaceutical (diclo-
fenac: 2 mg/L; CAS:15307-79-6) and a heavy metal (arsenic 1 mg/L; 

CAS: 7784-46-5), as well as to secondary treated wastewater. The cho-
sen concentrations of individual chemicals were identified from litera-
ture research to be observed in surface and/or wastewater; the 
concentrations used in the exposures were matching some of the higher 
concentrations reported, as explained in the following. Nonsteroidal 
anti-inflammatory drugs such as diclofenac, acetaminophen and 
ibuprofen can be found at μg L− 1 to g L− 1 concentrations in seawater 
(Weigel et al., 2001) and surface waters (Fick et al., 2009), whereas their 
concentration is significantly lower in ground and drinking waters (ng/ 
L; Godfrey et al., 2007). A concentration between 1 and 2 mg/L can be 
found in surface water downstream of drug production factories (Fick 
et al., 2009) and in wastewater (Wang and Wang, 2016; Wang et al., 
2017). 

Atrazine is one of the most widely used photosynthesis-inhibiting 
pre-emergent biocides worldwide (Prado et al., 2014). Typically, it oc-
curs in drinking waters at concentrations of μg L− 1 (Graziano et al., 
2006). However, like other herbicides their concentrations in connec-
tion with floods caused by surface run-off (Petersen et al., 2012) can be 
several order of magnitude higher. This is especially true for region with 
intense land-use (Dalton et al., 2014). Metal contamination of ground-
water is common in low and middle income countries (Winkel et al., 
2011), even if average concentrations of up to 30 μg L− 1 can be found in 
high income economies as well (Barrett et al., 2018). Occasionally in 
high income economies (e.g. North America, Smith et al., 2016), and 
frequently in low-and-middle-income countries (Chakraborti et al., 
2018; Le Luu, 2019), arsenic concentrations in ground water can range 
between 500 μ/L and 1000 μ/L (Chakraborti et al., 2018). Per-
fluorinated compounds and other personal care products are ubiquitous 
in surface and wastewater, where they can occur in concentrations 
ranging between 8 and 390 ng/L (Subedi et al., 2015; Thompson et al., 
2022). We opted for the concentration that was analytically detectable 
and on the higher end spectrum reported in literature. 

Fig. 1. Experimental design for laboratory exposures. Resurrected Daphnia magna genotypes from lake sediment deposits were maintained in controlled laboratory 
conditions (20 ± 2 ◦C, 16:8 h light:dark photoperiod and fed daily with 0.8 mg C/L of C. vulgaris) for two generations before exposure to single chemicals and 
wastewater secondary treated effluent. Two generations in these conditions were used to control for maternal effect. Single chemicals were quantified following 
exposure of four D. magna strains over 3 days to PFOS - 70 ng/L; diclofenac - 2 mg/L; atrazine - 0.2 mg/L and arsenic - 1 mg/L. The same four D. magna strains were 
also exposed to wastewater effluent. Daphnia and chemical controls were used as reference. The same four chemicals used in the individual chemical exposures were 
quantified in the effluent before and after exposure to Daphnia. 
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The borehole water used for the individual chemical exposures was 
collected from a deep aquifer well. It is routinely used in our laboratory 
and its chemical properties are checked quarterly, showing a stable 
composition for the past 10 years. 

Prior to the exposures, clonal replicates of the four Daphnia strains 
were maintained for at least two clonal generations in common garden 
conditions (20 ± 2 ◦C, 16:8 h light:dark photoperiod and fed daily with 
0.8 mg C/L of Chlorella vulgaris) to control for maternal effect following 
(Abdullahi et al., 2022b; Cuenca-Cambronero et al., 2018). Following 
this acclimation phase, 24 h-old juveniles from the third or following 
broods of the second generation were exposed to known concentrations 
of individual chemicals and to wastewater (Fig. 1). The exposures were 
conducted over three days to assess whether the chemicals were 
excreted or retained by Daphnia. This was a critical step for the use of 
Daphnia as biological filter. The Daphnia density (10 Daphnia in 100 ml 
of borehole water) in each experimental exposure and biological repli-
cate was chosen to ensure that the spiked borehole water or the 
wastewater were filtered completely every 24 h – this was based on 
previously tests showing the filtering capacity of Daphnia magna (Pau 
et al., 2013; Serra et al., 2019). 

We did two types of exposures: 1) four individual chemicals, in 
which borehole water was spiked with known concentrations of chem-
icals and compared to a Daphnia control (borehole water, no chemicals, 
plus Daphnia). In these exposures, a control for chemical degradation 
consisted of borehole water spiked with individual chemicals without 
Daphnia at the same concentration used in the exposures. Limit of 
detection for these chemicals are reported in Appendix A and Table S1; 
and 2) treated wastewater in which the four chemicals were quantified 
before and after exposure to Daphnia. In these experiments, wastewater 
minus Daphnia was used as reference. Of the four chemicals tested in the 
individual chemical exposures, diclofenac and PFOS were found in the 
treated wastewater, whereas atrazine and arsenic were not detected. 
This is not surprising for UK-sourced wastewater, but it was not known 
at the beginning of the experiment. A total of 216 exposures were 
completed to quantify the removal efficiency of the four chemicals by 
the four genotypes of Daphnia (Fig. 1). The four chemicals used in in-
dividual exposures were quantified in wastewater before and after 
exposure to Daphnia. The secondary treated wastewater was sourced 
from the Finham wastewater treatment plant managed by Severn Trent 
Water, serving a population equivalent of 430,470 (Coventry, UK) and 
meeting accepted discharge standards for the UK and the EU [ammonia 
(1 mg/L); COD (120 mg/L); total nitrogen (1 mg/L); total phosphorus (1 
mg/L); pH (5–9); suspended solids (25 mg/L)]. All exposures were 
conducted at 20 ± 2 ◦C, 16:8 h light:dark photoperiod. Daphnia in the 
individual chemical exposures were fed ad libitum with 0.8 mg Carbon/ 
L of algal suspension (Chlorella vulgaris). Daphnia in wastewater expo-
sures fed on organics already present in wastewater. 

2.2. Quantifying chemicals in laboratory experiments 

Following exposures, individual chemicals were quantified in the 
growth medium (borehole water spiked with chemicals and wastewater) 
using mass spectrometry following (Abdallah et al., 2019; Harrad et al., 
2019) as explained in the Supplemental methods (Appendix A). The 
concentration of PFOS, atrazine, and diclofenac, both in the medium 
from individual chemical exposures and in wastewater were quantitated 
with ultraperformance liquid chromatography (UPLC) coupled with 
high-resolution mass spectrometry following (Abdallah et al., 2019; 
Abdullahi et al., 2022a). Arsenic concentration in both water and 
Daphnia tissue was quantified by using a Nexion 300× ICP-MS (Perkin 
Elmer, Seer Green, U.K.) fitting with a cyclonic spray chamber. Cali-
bration curves spanning 1–20 ppb for borehole water and 1–10 ppb for 
Daphnia were constructed in DI water. For quantification of arsenic in 
the Daphnia tissue 50 ppb germanium was infused as an internal stan-
dard. Ideally, all chemicals would have been quantified in the Daphnia 
tissue to understand biotransformation mechanisms. However, 

protocols are lacking for chemical quantification in invertebrate tissue. 

2.3. Removal efficiency at laboratory scale 

The removal efficiency of the four chemicals was quantified both in 
borehole water and wastewater following Daphnia exposure as 
explained in Appendix A (Section 1.1) and calculated as [starting con-
centration − final concentration / starting concentration] × 100. On 
these quantitations, we applied an analysis of variance (ANOVA) with 
the Satterthwaite’s method (lmerTest package; Kuznetsova et al., 2017) 
to assess if removal efficiency varied by genotype, day and their inter-
action term, nesting clonal replicates within genotype. Before applying 
the ANOVA analysis, the data were tested to meet the parametric 
assumption of the model by plotting the model residual vs fitted values 
(Q-Q plots) with the “car” package (Fox and Weisberg, 2018; Zuur et al., 
2010). The removal efficiency was plotted using the ggplot2 package 
(Gentleman et al., 2009), with the standard error calculated using the 
‘summarySE’ function in Rmisc package in R (Team, 2022). 

2.4. Chemical pollutants removal at prototype scale 

Having identified the strains with the highest removal efficiency in 
the laboratory exposures, we tested removal efficiency of a population of 
these strains in outdoor conditions for four weeks. We built a closed 
environment of 300 L (hereunder ‘prototype’), holding borehole water 
spiked with diclofenac at the same concentration used in laboratory 
exposures (2 mg/L). Diclofenac was used as proxy chemical to demon-
strate the scalability of the technology. It was chosen because it is among 
the most common chemicals found in effluent wastewater. The amount 
of spiked borehole water was equivalent to wastewater produced daily 
by a single household of 3.5 people. Diclofenac was spiked at the 
beginning of each week and removal efficiency measured daily, 5 times 
a week for 4 weeks, on 3 replicated samples of 100 ml, randomly 
collected from the top 1 m of water. Removal efficiency was quantitated 
with ultraperformance liquid chromatography coupled with high- 
resolution mass spectrometry as described above, using optimised 
methods (Abdallah et al., 2019). 

Dissolved oxygen and water temperature were recorded daily in the 
prototype using a HANNA sensor (H19146). The prototype was pro-
tected from the rain with a tarpaulin and topped up every other week to 
compensate for evaporation. This strategy was applied to mimic a real- 
world open system (secondary clarifier) in which water levels are con-
stant. The average temperature of the tank was regulated by a thermo-
stat. However, fluctuations occurred due to the prototype being 
outdoors, reflecting realistic operational conditions. An algal suspension 
of Chlorella vulgaris was added daily to the prototype at a concentration 
comparable to the laboratory conditions described above. These con-
ditions mimic a constant flow of organic matter entering the secondary 
clarifiers in a real-word wastewater treatment process. To mimic the 
flow of a secondary treatment tank in a wastewater treatment process, 
the prototype was aerated using a small submersible pump that recir-
culated the water at a flow rate of 1900 L/h through a diffused nozzle 
maintaining laminar flow conditions at a macroscopic scale. The 
retention time of the prototype was 4-6 h. These conditions were 
consistent with secondary clarifiers in wastewater treatment works. 
Diclofenac removal efficiency was calculated as in the laboratory ex-
periments above. We tested whether removal efficiency significantly 
differed among weeks by using the lmer Test package (Kuznetsova et al., 
2017), nesting days within weeks. 

2.5. Engineering a self-sustaining technology prototype 

For future installations in wastewater treatment works, we engi-
neered and tested a system comprising of a live and a back-up envi-
ronment. The live environment consisted of filtration vessels which are 
retrofitted within secondary clarifiers for effluent polishing, whether the 
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back-up environment consists of tandem bioreactors comprising a 
feedstock (algae Chlorella vulgaris CCAP 211/11b) growing chamber 
linked to algal medium (BBM; Appendix B; Table S2), and a Daphnia 
chamber (Appendix B; Fig. S1). This system produces Daphnia used to 
seed the secondary clarifiers and as a backup system in case of shock 
events (Appendix A, Section 1.2). 

The vessels in the live environment are interconnected by a manifold 
system, and float in the top metre of the prototype. These vessels allow 
for the movement of water through porous meshes, sustaining Daphnia 
populations, and the collection of biowaste (dead Daphnia at the end of 
their life cycle). The latter happens via a system of interconnected valves 
that isolate the individual devices while the biowaste is funnelled into 
further treatment. Possible treatments of his biomass are discussed in 
Section 4.3. 

Three vessels of 20 L capacity each were introduced in a 300 L 
outdoor prototype and seeded with Daphnia to assess removal efficiency 
at prototype scale. As Daphnia is self-sustaining via clonal reproduction, 
the Daphnia population density is expected to increase exponentially 
until it reaches carrying capacity (Bruijning et al., 2018). Following the 
Daphnia population introduction in the prototype, the number of 
Daphnia was allowed to reach the same density of the laboratory expo-
sures described in Section 2.1 before removal efficiency of diclofenac 
was quantified. During the experiment, the Daphnia density was 

monitored in each vessel at the beginning and the end of each week over 
four weeks by collecting triplicate 100 ml-samples. Daphnia individuals 
were counted in the sampled volume and the density in the prototype 
estimated from these counts. 

The controlled semi-automated back-up environment is maintained 
in controlled lighting, temperature and fluid transfer as described in 
Supporting Methods (Appendix A; Section 1.2). To understand the 
impact of shock events on the Daphnia population dynamics with con-
sequences on removal efficiency in real world environments, we 
developed a model to capture the dynamics of both juvenile Daphnia (J 
(t)) and adult Daphnia (A(t)) that uses delay differential equations to 
capture the maturation time (τ) of juveniles. This model is described in 
the Supplemental methods (Appendix A, Section 1.3). 

2.6. Techno-economic assessment of the Daphnia-based technology 

The Daphnia-based technology performance was benchmarked 
against a range of existing tertiary wastewater treatment technologies, 
including established and emerging technologies through a desk techno- 
economic analysis. The competitor technologies assessed were ultravi-
olet irradiation, ozonation, chlorination, activated carbon, and multi- 
media filters. The operating and performance parameters used for this 
analysis, subject to availability, were: i) contaminant removal, ii) capital 

Table 1 
ANOVA. An analysis of variance (ANOVA) is used to test whether the removal efficiency of individual chemicals spiked in borehole water (A) and of the same chemicals 
from wastewater (B) varied by genotype, day and their interaction term. Clonal replicates were nested with genotype. Atrazine and Arsenic were not found in the 
wastewater sampled from the Finham treatment plant (UK).  

Effect DF A. Individual compounds B. Wastewater 

PFOS Diclofenac Atrazine Arsenic PFOS Diclofenac 

F Pr F Pr F Pr F Pr F Pr F Pr 

Genotype  3  3.81  0.04  3.87  0.04  2.10  0.16  0.81  0.51  3.13  0.07  327.08  <0.001 
Day  2  0.10  0.91  1.65  0.23  3.49  0.07  0.48  0.63  5.13  0.02  84.60  <0.001 
Genotype:day  6  2.60  0.08  1.00  0.47  1.31  0.33  1.58  0.23  7.28  0.002  10.05  0.002 

Significant terms (P < 0.05) are in bold. 

Fig. 2. Removal efficiency of chemical pollutants at laboratory scale. Removal efficiency (%) of 4 individual chemical compounds from borehole water and from 
wastewater: Atrazine and arsenic were not found in the wastewater sampled from the Finham treatment plant (UK). Error bars show variance among biological 
replicates in the experiments. The four Daphnia genotypes are colour coded: DM2015 (red); DM1980 (green); DM1960 (blue); and DM1900 (black). 
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expenditure (CAPEX), iii) operational expenditure (OPEX), iv) by- 
products generation, v) energy used, and vi) carbon footprint. The 
same criteria were used to benchmark the technology against emerging 
biological tertiary wastewater treatment technologies including DRAM 
microbial technology, membrane biofilm reactors (MBfR), rotating 
biological contactors (RBC), phytoremediation, packed bed reactor 
(PBR), and photobioreactors. 

3. Results 

3.1. Exposures of Daphnia strains to chemical pollutants in controlled 
laboratory conditions 

We quantified the recovery of each chemical from the medium after 
exposure to Daphnia as compared to a control (Appendix B - Table S3), 
and the removal efficiency of the four Daphnia strains in water spiked 
with known concentrations of four chemical pollutants belonging to four 
chemical classes (Appendix B – Table S4) The removal efficiency of 
PFOS and diclofenac in individual chemical exposures varied signifi-
cantly by Daphnia genotype, whereas the four genotypes did not 
significantly differ in their removal efficiency of arsenic and atrazine 
(Table 1A; Fig. 2). The average removal efficiency across the three days 
of exposure was 90 % for Diclofenac, 50 % for PFOS, 59 % for atrazine 
and 60 % for arsenic (Fig. 2; Appendix B – Table S4). The historical 
Daphnia strain DM1900 showed the highest removal efficiency for 
diclofenac (95 %) and PFOS (65 %) (Fig. 2). The removal of the four 

individual chemicals did not significantly differ across the three days, 
suggesting that once taken up by Daphnia, the chemical pollutants were 
not excreted back into the water (Table 1A). 

We quantified the removal efficiency of the four strains in waste-
water. Whereas PFOS and diclofenac were recovered from the secondary 
treated wastewater, atrazine and arsenic were not detected (Appendix B 
– Table S5). This was not known at the beginning of the experiment. 
PFOS in the sampled wastewater was found at an average concentration 
of 35 ng/L, whereas diclofenac was found at an average concentration of 
530 ng/L (Appendix B - Table S6), in line with previously reported 
concentrations in European effluent wastewaters (Ebele et al., 2017; 
Stulten et al., 2008). The removal efficiency of PFOS from wastewater 
did not significantly differ among genotypes but varied significantly by 
day. Some genotypes (e.g., DM1980) showed higher removal efficiency 
in day one and lower in days 2 and 3, whereas other genotypes (e.g., 
DM1900) showed increasing removal over the three days (Table 1B; 
genotype:day; Fig. 2). The four genotypes differed significantly in their 
removal efficiency of diclofenac from wastewater (Table 1B; genotype). 
The removal efficiency differed significantly across the three days of the 
experiment, with two out of four genotypes showing an increasing 
removal efficiency from day 1 to day 3 (Table 1B; genotype: day; Fig. 2; 
DM1900 and DM 2015). The average removal efficiency was lower for 
both chemicals when they occurred in mixtures (wastewater) than in 
individual chemical exposures, especially for PFOS (Fig. 2). 

Our water analysis revealed that chemicals removed by Daphnia 
were not excreted back into the water. Using the heavy metal arsenic, we 

Fig. 3. Concentration of arsenic in the Daphnia tissue and removal from medium. Removal of arsenic from spiked borehole water and arsenic quantified in the tissue 
of four Daphnia strains across three days. The Daphnia strains are: DM1900, DM1960, DM1980 andDM2015. The two data series are not significantly different (chi- 
square Pearson correlation P = 1). 
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quantified the amount of chemical present in the Daphnia tissue to assess 
whether the amount removed from the water corresponded to the one 
found in the Daphnia tissue, providing a first indication of the mecha-
nisms of chemical removal by the biological agent. We worked under the 
hypothesis that if the amount of chemical removed from water 

corresponded to the amount found in the Daphnia tissue, the compound 
was bioaccumulated. To understand biotransformation mechanisms a 
mass balance analysis would be needed but not possible at this point due 
to lack of optimised protocols. The amount of arsenic removed from 
water was not significantly different from the concentration of arsenic 
recovered from the Daphnia tissue across the three days, suggesting that 
the arsenic removed from water was bioaccumulated in the Daphnia 
tissue, as expected for heavy metals (Fig. 3). The quantification of the 
other chemicals in the Daphnia tissue would have been useful but pro-
tocols are not yet established. 

3.2. Prototype-scale demonstrator 

We tested the removal efficiency of diclofenac by a population of 
Daphnia strains in the outdoor prototype over a period of 4 weeks (Ap-
pendix B – Table S7). A population of Daphnia comprising an equal 
proportion of DM1900 and DMV2015 was used. The highest removal 
efficiency in the prototype was 90 %, with an average across all weeks of 
78 % (Fig. 4). The technology performance was constant across the four 
weeks regardless of the outdoor conditions (the removal efficiency did 
not significantly differ between weeks; ANOVA; P = 1) (Fig. 4). The 
sustained removal efficiency was accomplished by a thriving population 
of Daphnia for the duration of the trial, expressing an oscillation around 
an average density of 101 individuals/L (Appendix A, Fig. S2A). 

The prototype was designed to mimic, as much as possible, operation 
conditions of secondary clarifiers in wastewater treatment works 
(Fig. 5A). To this end, a diffused nozzle maintained a laminar flow of 
water (Fig. 5B). The water temperature averaged 21 ◦C, with daily os-
cillations between 17 ◦C and 24 ◦C (Fig. S2B). Dissolved oxygen was on 
average 6 ppm, ranging between 4 and 9 ppm (Fig. S2B). Visual in-
spection of the water in the prototype showed no evidence of leakage of 

Fig. 4. Sustained performance at prototype scale. Removal efficiency of 
diclofenac spiked in a prototype-scale environment resembling volumes of 
wastewater produced daily by a single household of 3.5 people (arrows indicate 
spiking times). Removal efficiency was assessed with mass spectrometry anal-
ysis and calculated as follows: [starting concentration − final concentration / 
starting concentration] × 100. 

Fig. 5. Daphnia-based wastewater technology prototype. The Daphnia-based technology was tested at prototype scale in outdoor conditions (A). A tarpaulin pro-
tected the prototype from rainfall. Filtration devices were suspended in the top 1 m of the prototype tank to assess the technology performance over 4 weeks (B). At 
inoculation, the vessels are clear. Over time, the self-sustaining population of Daphnia grows to carrying capacity populating the vessels (C). The water flows freely 
through the walls of the vessels that are made of porous meshes. The solid base collects biowaste (dead Daphnia and shed carapaces) that is syphoned out to further 
treatment by using a system of interconnected valves (the red plug at the bottom of the vessel is the connection to the valve system). 
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the filtration devices (Fig. 5C). At the end of the trial period a visual 
inspection of the filtration devices base confirmed the collection of 
debris (Fig. 5C), including Daphnia chitin exoskeleton that was shed at 
each moult cycle, confirming that the design allows for the collection of 
biowaste (dead Daphnia and other debris) without disturbing the live 
Daphnia population in the filtration vessels. 

The live Daphnia population was contained in vessels consisting of a 
solid frame and a porous mesh that allows for the movement of water, 
while retaining the live Daphnia population and allowing for the 
collection of biowaste (dead Daphnia) at the base of the vessel (Fig. 6). 
The interconnected valves at the bottom of the vessels allow the isola-
tion of the individual devices while the biowaste is funnelled into further 
treatment, as discussed in Section 4.3 below. A backup environment 
consists of tandem bioreactors for the on-site production of Daphnia, 
supported by the feedstock (algae) (Fig. 6). This backup environment 
has the critical function to generate Daphnia to seed the initial popula-
tion in the live environment and to replenish this population in case of 
shock events. In the next result section, we present the first modelling 
results to determine the impact of shock events on the Daphnia 
population. 

3.3. Modelling Daphnia population dynamics to prevent the impact of 
shock events 

To ensure constant performance of the technology, and based on 
filtration efficiency in a laminar flow environment, we estimated that 
the Daphnia population density should be between 100 and 200 in-
dividuals/L. The health and stability of the Daphnia population can be 
affected by shock events (e.g., extreme temperature, pulses of chemical 
pollutants above accepted thresholds), affecting the removal efficiency 
of chemical pollutants. Predicting population crashes is critical to 
ensuring constant chemical removal. We derived a first set of simula-
tions to understand how changes in population dynamics can cause loss 
of pollutant removal performance (Appendix A, Section 1.3). We, 
therefore, simulated the Daphnia population dynamics in a closed 
environment using a delay differential equation model, which accounts 
for juvenile and adult stages of the Daphnia population (Fig. S3). While 
future work will facilitate calibration of the model against data collected 
under a variety of environmental conditions, the model is already able to 
qualitatively distinguish between two scenarios; i) the first is where the 

balance of birth and death rates results in oscillatory dynamics, but ul-
timately the population is able to reach a stable positive equilibrium 
where chemical pollutants are removed efficiently (Fig. S3, solid line); 
ii) in the second scenario, an excess inflow of pollutants results in 
increased death rate and a population crash (Fig. S3; dashed line); in this 
scenario, the resident population would be unable to remove chemical 
pollutants. For operational practice, it will be essential to use calibrated 
models to identify dynamics leading to population crashes before they 
happen, guiding the top-up of the Daphnia populations from the side 
stream reactors. 

3.4. Techno-economic assessment of the Daphnia-based technology 

The techno-economic analysis served to benchmark the Daphnia- 
based technology against both established mechanical/chemical pro-
cesses and emerging bio-based solutions. This exercise evidenced that 
our technology presents several technical, commercial and sustainabil-
ity advantages over established and emerging treatments at comparable 
removal efficiency, benchmarked on available data on individual 
chemicals. The advantages of the Daphnia-based technology include the 
removal of a wide range of chemical pollutants; capital expenditure 
(CAPEX) and operational expenditure (OPEX) several orders of magni-
tude lower than conventionally adopted technologies, both mechanical 
and bio-based; low infrastructure requirements and non-toxic by-prod-
ucts generation. The techno-commercial analysis showed that the 
technology behaves equally or better than most technologies on the 
market for individual chemicals removal. For example, the Daphnia- 
based technology removes up to 99 % of diclofenac. This is comparable 
to UV treatment, ozonation (Plakas et al., 2016; Ziylan and Ince, 2011), 
reverse osmosis (Plakas et al., 2016), and chlorination (Hey et al., 2012) 
but it is more efficient that granular activated carbon (80 %) and multi- 
media filtration (3 %) (Snyder et al., 2007). Our technology removed up 
to 59 % of atrazine; reverse osmosis (95 %; Plakas et al., 2016) and 
granular activated carbon (74 %; Snyder et al., 2007) are more efficient 
than the Daphnia-based technology. However, multi-media filtration 
(17 %; Snyder et al., 2007), UV and ozonation (40 %; Plakas et al., 2016) 
are less efficient than our technology. Similarly, removal efficiency of 
diclofenac by phytoremediation (constructed wetlands; 50–80 %; 
Snyder et al., 2007) and photobioreactors (40–60 %; Salama et al., 
2017) was lower than in the Daphnia-based technology. The techno- 

Fig. 6. Conceptual flow diagram of the water bioremediation process. The Daphnia-based water bioremediation technology consists of a live environment and a back- 
up environment. Modular interconnected devices are introduced in secondary clarifiers (live environment) to sustain a population of Daphnia that removes chemical 
pollutants, generating clean effluent. At the end of the Daphnia life cycle and after having bioaccumulated/biotransformed persistent pollutants, dead Daphnia settle 
at the bottom of the containment devices and are syphoned into a waste treatment process of upcycling. The backup environment consists of a tandem Daphnia/algae 
bioreactor used to seed the initial population of Daphnia in the live environment and to top-up this population in case of shock events. 
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commercial analysis also revealed that the environmental impact of the 
technology in terms of odour, visual and noise impact was negligible and 
smaller than the one of both mechanical/chemical (Table S8) and bio- 
based solutions (Table S9). Data on energy consumption was not 
available for the Daphnia-based technology at the time of the techno- 
commercial analysis. However, as the energy input is negligible, it is 
anticipated that the carbon footprint will be low. 

4. Discussion 

4.1. Removal efficiency of micropollutants 

Our previous research showed that Daphnia can remove 7 out of 16 
pharmaceuticals more efficiently than algae and bacteria and the 
remaining 9 at a comparable rate in controlled laboratory conditions 
(Abdullahi et al., 2022a). Here, we demonstrated the removal efficiency 
by four carefully selected Daphnia strains of four chemical pollutants 
belonging to four distinct classes: pharmaceuticals, pesticides, heavy 
metals and industrial chemicals. We showed their removal efficiency 
both in single chemical exposures and in mixtures found in secondary 
treated wastewater. We found significant differences in removal effi-
ciency among Daphnia strains. This difference can be explained by 
different histories of exposure, and hence tolerance, to chemical pollu-
tion. The strains used in our study were revived from sedimentary ar-
chives of lakes with known exposure history to chemical pollution. The 
removal efficiency of these strains aligns with their evolved tolerance to 
recurring chemical stress and higher tolerance of naïve strains to novel 
chemical stress, confirming previous findings (Abdullahi et al., 2022b). 
The selection of Daphnia strains based on their tolerance to pollution is 
unique to our innovation. Our understanding of the ecological and 
evolutionary properties of the biological agent allows the tailoring of 
Daphnia strains to different wastewater sources, providing unprece-
dented flexibility for the highest efficiency for specific wastewater 
sources. 

In a first attempt to understand the fate of chemicals in the Daphnia 
tissue, we quantified the amount of arsenic in the Daphnia tissue and 
compared it to the amount removed from the growth medium (borehole 
water spiked with known concentrations of arsenic) after exposure. The 
concentration in the tissue was not significantly different from the 
concentration of arsenic removed from the exposure medium. Whereas a 
mass balance analysis is required to understand the mechanisms of 
biotransformation, our preliminary results suggest bioaccumulation of 
arsenic in line with previous studies in Daphnia (Tan et al., 2012). 
Generally, limited information is available on the mechanisms of 
removal of freshwater invertebrates because of technological limitations 
in detecting biotransformation products and parent compounds at low 
concentrations within the tissue of these organisms. Recent advances in 
liquid chromatography high-resolution mass spectrometry (e.g., Orbi-
trap) are promising for metabolite profiling due to their sensitivity and 
selectivity (Abdallah et al., 2019). Yet, lack of reference standards for 
metabolites in non-model species makes the quantification of parent 
compounds and metabolites in these species challenging. It is note-
worthy that whereas we envision to tackle these challenges soon, un-
derstanding these mechanisms is not necessary to demonstrate the 
potential of the Daphnia-based technology. Critically, the system of 
valves at the bottom of the containment devices in the live environment, 
funnels away dead Daphnia preventing the release of chemicals back into 
the water. 

An area often overlooked in studies assessing bio-based applications 
for water treatment is the effect of chemical mixtures on removal effi-
ciency. Studying the response to individual chemicals as well as mix-
tures is vital because combined effects of chemicals may produce 
cumulative or synergistic effects that are more than or different from the 
sum of individual effects (Sprinkle and Payne-Sturges, 2021). In our 
study, we demonstrated comparable removal efficiency of diclofenac in 
single chemical and mixture (wastewater) exposures. Conversely, the 

removal of PFOS was lower in wastewater than in the individual 
chemical exposures. This could be explained by lower recovery rate of 
the reverse phase extraction cartridge used to capture mixtures, which 
may have affected the quantification of this compound in wastewater. It 
is also possible that the removal efficiency of PFOS in wastewater was 
dampened by synergistic effects with other chemicals (Ahrens and 
Bundschuh, 2014; Yang et al., 2019). Further studies are needed to 
pinpoint the reason for the observed discrepancy. The results of our 
study provide important insights for further development of the 
innovation. 

4.2. Technology performance, risk and mitigation 

The Daphnia technology presents performance, economic and engi-
neering advantages. By non-selectively taking up different chemical 
pollutants, the technology overcomes the limitation of some state-of- 
the-art technologies affected by the hydrophobicity and ionization 
characteristics of chemicals (Ma et al., 2018). By providing a retrofit-
table solution it negates the need for major infrastructure modifications, 
which are required for other bio-based solutions (e.g. phycoremediation; 
Škufca et al., 2021). The technology is sympathetic to current secondary 
clarifier designs, which have been identified through co-development 
with the water industry. Whereas variations of the engineering design 
for secondary clarifiers with variation in tank profile, inlet and outlet 
geometry and scraping technologies (Trianni et al., 2021), may require 
adaptation of the containment devices in the live environment, the 
inherent agility and scalability of our technology, as well as the posi-
tioning of the containment devices in the top 1 m of the treatment tanks, 
enables their installation into most treatment plants without impacting 
the existing infrastructure. Modifications of the containment devices 
may be required for off-grid and small work installations. However, the 
modularity of the system permits these adjustments without major 
modifications of the wastewater plants and the technology. Because of 
these properties the Daphnia-based technology has potential for appli-
cations in low- and middle-income countries, meeting key sustainable 
development goals. 

The outdoor prototype served to demonstrate that the removal effi-
ciency of the proxy chemical (diclofenac) was comparable to removal 
efficiency measured in the laboratory and was sustained over time, 
regardless of the varying outdoor climatic conditions. The next step in 
the technology development is the further upscaling in a continuous 
open-flow environment holding real wastewater. This process will likely 
be stepwise, with validation in an intermediate scale prototype before 
installation is attempted within wastewater workflows. We expect suc-
cess of upscaling based on prototype-scale demonstrators and co- 
development with end-users. Should the technology fail in upscaling, 
we will revert to smaller scale off-grid or smaller wastewater treatment 
applications, which are in demand for rural areas and smaller treatment 
plants. These smaller scale applications also meet the demand of low- 
and middle-income countries, as well as of higher income countries 
where <80 % of the population is connected to public urban wastewater 
treatment systems (e.g., Albania, Croatia, Slovenia and Poland) (Com-
mission, 2014). 

Extreme climates can potentially affect Daphnia performance 
impacting the removal efficiency of persistent chemicals. It is possible to 
overcome these limitations by either using strains naturally adapted to 
different climates - similar approaches have been used in phytor-
emediation (Ferro et al., 2018) - or by reverse engineering Daphnia 
strains. The latter approach is possible as shown by reverse genetics 
application in Daphnia (Fatimah et al., 2022; Nakanishi et al., 2014). 

With respect to the potential release of the bioremediation agent into 
waterways, while the system is designed to prevent such release, 
Daphnia do not pose an environmental threat. Additionally, if released 
accidentally, Daphnia’s chance of survival in running water is very low 
because it is lake-dwelling species. In case of other shock events that can 
affect the chemical removal efficiency due to a crash of the resident 
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Daphnia population, the innovation uses sidestream reactors as a backup 
and top-up system. 

4.3. Outstanding challenges and future technological developments 

4.3.1. Waste management 
We designed a manifold system regulated by a valve system that 

enables the dead Daphnia collection (biowaste) without disturbing the 
live population, as demonstrated in our prototype. This biowaste con-
sists of an organic matrix (dead Daphnia) and persistent inorganics that 
are not biotransformed by Daphnia (e.g., heavy metals, as our results on 
arsenic suggest). Incineration of this biomass is feasible given the esti-
mated modest average of 1 to 2 tonnes of biomass per clarifier/waste-
water plant/year (Environment, 2019). For a fully circular system that 
enables the reuse of the biomass produced yearly as e.g. fertiliser, sus-
tainably sourced 2D photocatalysts are an exciting new avenue for the 
reduction of persistent chemicals without the production of toxic by- 
products (Pérez-Álvarez et al., 2022). The development of a sustain-
able system to treat the refuse biomass is underway but will require 
significant efforts and optimisation. An inline mixer or other mechanical 
shearing of biomass may be needed prior to treatment with 2D 
photocatalysts. 

4.3.2. Pushing sustainability and circularity 
Pushing the concept of circularity that underpins our technology, we 

explored the market needs for other valuable by-products of the tech-
nology. One such product is chitin, which comprises the exoskeleton of 
Daphnia. Market research identified a potential market for chitin and its 
derivative chitosan into existing supply chains by serving applications in 
agriculture, textiles, food preservation, filtration, bioprinting, and as 
fuel cell catalysts (Environment, 2019). In response to these findings, a 
proof-of-concept was completed to test the separation between the 
organic matrix and the protein-chitin shell in Daphnia for onward val-
orisation. This preliminary work suggests that significant removal of the 
organic soft body is achieved at 240 ◦C in hot compressed water and 
preserves the chitin structure (Fig. S4). However, the impact of the 
treatment on the deacetylation, deproteinization and demineralization 
of the chitin fraction and how this may impact deacetylation to chitosan 
for onward valorisation are yet to be determined. At least the separation 
of the organic and chitin material in hot compressed water at high 
temperatures ensures that no residual pollutants are presence in the 
chitin matrix. 

4.3.3. Plug-in and forget 
The population dynamics modelled through the delay differential 

equations was able to distinguish population dynamics of a thriving 
population from the one of a population nearing a tipping point, even-
tually affecting the technology performance. Our next challenge is the 
encapsulation of this population model into a user-friendly interface to 
enable the application of the technology in a commercial environment 
by prompting a top-up of the population from the back-up environment 
before the Daphnia population reaches critical low density in the live 
environment, affecting chemical removal. 

5. Conclusions 

The Daphnia-based technology presented here provide a potentially 
ground-breaking process for the sustainable removal of persistent 
chemical pollutants, such as pharmaceutical, pesticides, industrial 
chemicals, and heavy metals, from wastewater. Preventing the discharge 
of these chemicals in the environment will avoid environmental dete-
rioration and prevent impact on biodiversity. The low carbon footprint 
of the technology, combined with prevention of pollution of surface 
water provides a practical solution to meet increasingly stringent reg-
ulations (e.g., Urban Wastewater Directive on micropollutants removal; 
European Directive 2008/1/EC for pollution prevention and control; EU 

chemical strategy for sustainability 2020). By providing an add on 
polishing step to the traditional wastewater treatment, the technology 
contributes to delivering higher quality effluent, and prevents additional 
treatment to produce water appropriate for reuse in e.g., irrigation, in-
dustrial applications and use household use, such as toilet flushing. 
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