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Welcome to IWA YWP Spain Conference 
2022

The Organizing and Scientific Committees were delighted to extend a warm welcome to you on behalf of the IWA 
YWP Spain Conference 2022. This esteemed event took place in Valencia, Spain, from November 16th to 19th, 2022.

The YWP Spanish Chapter was established in 2016 during the 13th IWA Leading Edge Conference on Water and 
Wastewater Technologies in Jerez de la Frontera, Spain. Under the leadership of Marina Arnaldos Orts, the first 
Steering Committee of the Spanish chapter embarked on an intense journey, establishing it as a prominent force 
within the Spanish water sector. The inaugural IWA YWP Spain Conference in Bilbao in 2017 proved to be a significant 
turning point for the chapter, witnessing a substantial increase in membership and earning recognition for its 
outstanding activities with the prestigious iAgua award for the best Association of 2017. The Spanish chapter further 
solidified its position with the second IWA YWP Spain Conference held in Madrid in 2019, organized by Jorge 
Rodríguez Chueca, making it the largest network of young water professionals in Spain.

At that time, the YWP Spanish chapter comprised more than 500 enthusiastic water lovers, united by their boundless 
aspirations. The IWA YWP Spain 2022 meeting, spanning four days, aimed to highlight the latest advancements in 
water sector research, specifically tailored for the next generation of young water leaders. That conference sought 
to empower attendees, equipping them with the knowledge and skills necessary to tackle future research and 
challenges. With a thematic focus on Water Economy and Governance, Wastewater Treatments, Water Cycle, and 
Emerging Technologies, the conference promised a comprehensive exploration of the water sector's most pressing 
issues. Moreover, dynamic sessions were at the heart of the conference, centering on attendee participation. Those 
sessions featured engaging elements, including YWPx talks, and various workshops designed to enhance 
communication, foster social networking, and develop cooperation skills. And for those who appreciated fine cuisine 
and engaging social activities, they were prepared for a meticulously planned program of events, including a gala 
dinner and an unforgettable final party at a disco!

The Organizing and Scientific Committees thank you for attending the YWP - IWA 2022 Congress in Valencia.

 Jose Antonio Palomero González Stéphanie Aparicio Antón
 Organizing co-Chair Organizing co-Chair
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CarmenMenacho1, 2, 3 *, PatriciaChueca2, AntonioBeltrán4, MariaVictoriaRemacha2, 
Nadia Larumbe2, M.ª Peña Ormad1, 3 and Pilar Goñi1, 2

1 Water and Environmental Health Research Group, Environmental Science Institute, Spain.
2 Department of Microbiology, Preventive Medicine and Public Health, University of Zaragoza, Spain.
3 Department of Chemical Engineering and Environmental Technologies, University of Zaragoza, Spain.
4 Infectious Diseases and Clinic Microbiology, Lozano Blesa Hospital, Zaragoza, Spain.
* Corresponding author: cmenacho@unizar.es

Keywords: antibiotics, resistant bacteria, free-living amoebae, multi-drug resistance.

INTRODUCTION

The misuse and overuse of antibiotics cause their release and accumulation in the environment (Bell et al., 2014). 
Continuous exposition to them causes a selective pressure that favours the emergence of antibiotic resistant 
bacteria (ARB) (Andersson and Hughes, 2014). While reservoirs such as hospitals, wastewater and farms, where 
bacteria are usually exposed to high antibiotic concentrations have been well studied so far (Kim et al., 2021), 
research on natural environment, where subinhibitory antibiotic concentrations can be found, is scarce. This might 
be due to the complexity of environmental microbial communities (Flores-Vargas et al., 2021).

Free-Living Amoebae (FLA) are ubiquitous protozoa, widespread in natural environments where they feed on bacteria, 
playing an important role in the regulation of bacteria populations. FLA are commonly known as “Trojan Horses” due 
to their ability to protect and carry bacteria —and other microorganisms— inside. They can also become a reservoir 
for bacteria as long as some strains, including some pathogenic, are able to multiply inside amoebae (Mungroo, 
Siddiqui and Khan, 2021). This association can be of health concern due to the fact that amoebae are very resistant 
to harsh conditions and water disinfection treatments. Thus, protected bacteria are able to colonize artificial aquatic 
systems and even to infect the people exposed to that water (Thomas et al., 2010).

As antibiotic concentration is increasing in natural environments due to human and animal consumption, ARB are 
also increasing (Samreen et al., 2021). Hence, environmental FLA can be assumed to become ARB reservoirs. In 
order to evaluate this, the main objective of the present study was to analyse the presence of ARB inside FLA 
isolated from rivers with livestock pressure.

MATERIAL AND METHODS

Four 500 mL-freshwater samples taken from rivers of the North-East of Spain were filtered. Filters were incubated at 
30 ºC on non-nutrient agar plates covered by heat-inactivated Escherichia coli. FLA were isolated and conserved in 
peptone-yeast extract-glucose medium (PPYG) axenic cultures. 12 out of the total FLA isolates were selected for 
FLA identification and ARB isolation. In order to genetically identify the isolated FLA, DNA was extracted and 
molecular biology techniques (PCR) were applied. In order to study the ARB inside the selected FLA, cultures were 

Congreso YWP SPAIN, 2022. Valencia

barraquete
Nuevo sello



Natural Aquatic Ecosystems: the role of Free-Living Amoebae as reservoir of Antibiotic Resistant Bacteria    10

lysated with zirconium balls and incubated on Müeller Hinton (MH) agar plates, with and without antibiotic (50 μg/
mL of ampicillin, 16 μg/mL of apramycine or 16 μg/mL of gentamicin), at 37 ºC. The resistance of 55 isolated 
bacteria strains to 19 antibiotics of 8 different families was evaluated by antibiograms. The identification of the ARB 
was developed by MALDI-TOF.

RESULTS AND DISCUSSION

38 FLA isolates were obtained after filtering the freshwater samples. 12 of them were selected for its further study. 
Acanthamoeba presence was detected in 75% of the selected cultures thanks to biomolecular techniques. These 
results agree with previous studies where Acanthamoeba was also the most common isolated genus from natural 
environmental waters (Garcia et al., 2013). It can act as an opportunist pathogen, causing amoebic keratitis and 
even granulomatous amoebic encephalitis (Marciano-Cabral and Cabral, 2003). The remaining FLA cultures could 
not be identified.

After incubating the FLA lysates, bacteria strains were isolated from 10 out of the 12 FLA selected cultures (83.3%), 
both from MH with and without antibiotic. Antibiograms indicated that 45 out of the 55 bacteria strains studied 
(81,8%) resulted to be resistant to two or more antibiotic families. The number of resistant strains to each antibiotic 
analysed is presented in Figure 1. Results showed that beta-lactam and aminoglycoside resistance were the most 
common resistances found (93.8% and 85.4% of the bacteria studied), followed by macrolides (39.6%), quinolones 
(25%), pyrimidines/sulfonamides (16.7%) and anphenicols, rifamycines and tetracyclines (4,2%). According to the 
European Medicines Agency (2020), penicillins (beta-lactam) and aminoglycosides, together with tetracyclines, are 
the most sold antibiotics for food-producing animals in Spain. Taking into account that the freshwater here analysed 
was sampled closed to livestock facilities, no wonder that beta-lactam and aminoglycoside resistant bacteria were 
the most common isolated ARB.

Figure1. Antibiotic Resistant Bacteria found inside environmental FLA.

It should be taken into account that not all the resistant strains could be identified by the applied methodology. 
Table 1 presents the 16 bacteria strains that could be identified by MALDI-TOF. With this low rate of identification 
(33.3%) due to the environmental origin of the samples, it cannot be concluded, according to EUCAST (2022), 
whether resistances found were intrinsic or acquired. In this sense, it should be said that beta-lactamases are a 
naturally occurring resistance mechanism that inactivate these antimicrobial molecules and that have existed for 
millions of years (Holmes et al., 2015). However, resistances that belong to artificial antibiotics and/or antibiotics of 
veterinary use, as apramycine, might be suspected of been acquired due to the discharge of the antibiotics by the 
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surrounding farms. Apart from that, it should be taken into account that all of the strains are susceptible of 
transmitting resistances to other bacteria by horizontal mechanisms (Kim et al., 2021).

Table1. GeneticallyidentifiedARBbyMALDI-TOF.

Number of isolated  
strains

Staphylococcus warneri 7

Staphylococcus epidermidis 1

Pseudoxanthomonas indica 3

Pseudoxanthomonas mexicana 3

Pseudomonas koreensis 1

Microbacterium arborescens 1

Different strains of bacteria isolated from the same FLA culture were found to share the same resistances profile. 
This suggests that, while being inside amoebae, bacteria can horizontally transfer resistance genes between them. 
Other studies also inferred this fact (Mungroo, Siddiqui and Khan, 2021). For this reason, the mobile genetic elements 
are planned to be analysed in further studies.

Some ARB species detected were of clinic relevance, such as S. warneri and S. epidermidis. They are opportunistic 
bacteria, able to cause nosocomial diseases. They are etiological agents of infections that can range from superficial 
skin infections to severe systemic infections (Silva et al., 2020). Hence, attention should be paid downstream water 
treatment plants.

CONCLUSION

Multi-drug resistant bacteria were found inside FLA isolated from freshwater sampled closed to farms. Results 
suggest that farming enhances the appearance of resistant bacteria and that environmental microbial communities 
and their interactions play a key role, specially FLA, on the maintenance and dissemination of antibiotic resistances. 
This should be taken into account when establishing water use control plans.
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As one of the main objectives of hydrological planning is to secure water supply, assessing water demand 
reliability is extremely important for decision-making in terms of water resources planning and management. 
Environmental flows within river basins help establish uniformity of water use and maintain ecosystem 
functionality. It should be established in a manner that maintains the functionality and structure of the associated 
aquatic and terrestrial ecosystems in a sustainable manner, but this will absolutely affect the water demand 
reliability criteria. This work analyzes the effects of environmental flows on water demand reliability in the Júcar 
River basin (eastern Spain).

The basin covers a total area of 22,261 km2 drained by the Júcar River and its tributaries, mainly Cabriel and Margo 
on the left bank, and Sellent and Albaida on the right bank (Figure 1). Its main characteristics are its Mediterranean 
features (floods in autumn and low flows in summer) and the prevalence of recurrent and severe drought periods 
(CHJ, 2022). The Júcar exploitation system provides water for irrigating 209.773 ha, as well as supplying drinking 
water to a population of 1.102.525 people and other demands generated for industry (CHJ, 2022). Water demand in 
the Júcar River basin has been divided into two categories: agricultural water demand and urban water demand. 
In  terms of urban water demand, the Júcar River basin includes four entities: Albacete, Sagunto, Valencia, and 
Ribera. Meanwhile, for the agricultural water demand, there are seven agricultural units spread over the entire basin: 
Riegos Canal JT, Sustitución Mancha, Arroz ARJ, Escalona-Carcagente, Citricos & Huerta ARJ, Arroz Ribera Baja 
and Resto Ribera Baja.
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Figure 1. Location and delimitation of the Júcar River basin.

To assess water demand reliability, the SIMGES water allocation model was used on a monthly scale. This model is 
part of the AQUATOOL Decision Support System, which is a user-friendly software platform designed to support the 
decision-making processes through the simulation of the management of complex water resources systems that 
involve elements of regulation or storage: surface and subterranean, catchment, transport, use and/or consumption, 
and artificial recharge mechanisms (Andreu et al., 1996).

Figure 2 shows the scheme of the SIMGES model considered for the Júcar water resources system, where its update 
was made based on the most recent Júcar hydrological plan. The model represents the inflows of the Júcar system, 
environmental flows, water demands (urban and agricultural), reservoirs, returns and interactions with groundwater.

Figure 2. SIMGES Modeling scheme of the Júcar River basin.
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The environmental flow has been set for four river sections located downstream of the most essential regulation 
structures in the basin and it has been applied according to modulation factors provided in the hydrological plan 
(CHJ, 2022). The In order to cope with the real situation of the basin management, the model includes operating 
rules that meet the different restrictions mentioned in the special drought plan (CHJ, 2018).

Water demand reliability represents the probability of satisfying the demand and allows to control the supply failure. 
According to the Spanish Hydrological Planning Instructions released in 2008, the urban water demand is considered 
satisfactory if the deficit of one month does not exceed 10% of the corresponding monthly water demand and the 
sum of deficits in ten consecutive years does not exceed 8% of the annual water demand. On the other hand, the 
agricultural water demand is considered satisfactory when the deficit of one year does not exceed 50% of the 
corresponding water demand, the sum of deficits in two consecutive years does not exceed 75% of the annual water 
demand and the sum of deficits in ten consecutive years does not exceed 100% of the annual water demand.

In order to evaluate the effects of the environmental flows on the reliability of the water demand, different scenarios 
of environmental flows were simulated. They were obtained by multiplying the current environmental flow values by 
0.25, 0.5, 0.75, 1.25, 1.5 and 1.75. Table 1 shows the resulting values for the seven environmental flow scenarios 
considered. The values that meet the reliability criteria are marked in green and those that represent reliability 
failures are marked in red.

Table 1. Agricultural water demand reliability for the environmental flow scenarios.

Agricultural water demand units

17 18 19 20 23 24 25 26 29

Annual

0.25Qcurrent 22.17 22.38 22.35 42.31 78.57 0 24.04 23.23 14.09

0.5Qcurrent 25.01 25 25 45 80 0 25 25 15

0.75Qcurrent 25.01 25 25 45 80 0 25 25 15

Qcurrent 26.45 25 26.11 45.76 90.38 0 26.71 25 15

1.25Qcurrent 31.54 31.17 36.97 53.02 88.98 0 37.13 31.15 15

1.5Qcurrent 35.24 44.29 56.74 69.64 89.91 0 56.24 46.99 15

1.75Qcurrent 57.69 61.84 71.43 82.79 97.43 11.89 74.49 66.94 15

Biannual

0.25Qcurrent 34.34 34.76 34.7 68.72 131 0 38.09 36.45 23.19

0.5Qcurrent 44.34 44.76 44.7 83.72 155.9 0 48.09 46.45 28.19

0.75Qcurrent 44.34 44.76 44.7 83.72 155.99 0 48.09 46.45 28.19

Qcurrent 51.45 50 52.17 90.76 170.5 0 52.97 50 30

1.25Qcurrent 56.88 56.17 69.66 102.7 171.81 0 68.11 56.15 30

1.5Qcurrent 60.25 69.29 95.86 124.88 179.03 0 86.85 71.99 30

1.75Qcurrent 82.7 86.84 115.07 138.52 183.07 11.89 99.49 91.94 30

Decadal

0.25Qcurrent 48.59 48.69 48.68 93.2 154.43 0 49.52 49.11 34.09

0.5Qcurrent 63.59 63.69 63.67 118.2 189.42 0 64.53 64.11 44.09

0.75Qcurrent 75.76 76.06 76.02 144.61 241.85 0 78.57 77.34 53.19

Qcurrent 95.76 94.73 98.2 179.82 322.21 0 101.54 96.93 62.28

1.25Qcurrent 129.8 129.61 143.03 244.62 387.34 0 145.72 131.72 87.28

1.5Qcurrent 145.79 155.59 190.7 293.88 441.38 0 180.58 160.51 92.28

1.75Qcurrent 188.15 190.25 244.37 354.57 519.23 11.89 221.62 194.32 103.19
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For the agricultural water demand reliability, it is observed that the differences produced in terms of decadal water 
demand reliability criteria from one scenario to another are very significant leading to the consideration that 
agricultural water demand reliability is more restrictive in terms of decadal criteria. The comparison of the results of 
the different environmental flow scenarios on the reliability of agricultural water demand shows that as environmental 
flow increases, the demands show more failures in terms of reliability criteria.

This study highlights the importance of environmental flows in water resources planning and management, as they 
exhibit direct effects on water demand reliability. The work, which is extensible to other regulated water resource 
systems worldwide, allows to assess the effects of environmental flows on water demand reliability. The effects of 
environmental flows on hydrological alteration, habitat alteration and urban water demand reliability will also be 
presented and discussed during the congress.
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SUMMARY

Swine manure offers mining opportunities for nutrient recovery and its reuse as renewable fertilizer. This research 
aimed to integrate biological nitrogen removal (BNR) with phosphorus (P) and potassium (K) recovery. The denitrified 
effluent has an unbalanced Mg/K/P molar ratio of 1.4/9.5/1 for K-struvite recovery. By adjusting the pH, low ion 
recovery efficiencies (IREs) were reached (maximum 10%). Better IREs for K (up to 90%) were reached with the 
addition of own-synthesised newberyite particles (NP) as a simultaneous source of magnesium (Mg) and P. This 
downstream process allowed for the production of a multi-nutrient fertilizer with 0-1% N, 11-17% P and up to 8% K.

INTRODUCTION

A large amount of swine manure highly loaded with N, P and K is produced by the intensive pig farming industry and 
must be correctly handled to avoid negative environmental impacts. The most frequent criterion to plan the 
application to soil of this organic by-product is the N content. Under the framework of the European Union Best 
Available Techniques for intensive rearing of pigs BNR based on aeration is allowed in existing farms for the effective 
onsite reduction of N. Nitrification- denitrification (NDN) is typically applied for BNR (Giner-Santonja et al., 2017) 
and  the fulfilment of legal criteria. However, under the circular economy framework, after the biological step, 
innovative procedures for the recovery of P and K as K-struvite (magnesium-potassium-phosphate hexahydrate, 
MPP, MgKPO4 · 6H2O) are of high interest.

Precipitation of K-struvite with a Mg/K/P molar ratio of 1/1/1 (Le Corre et al., 2009) is a promising alternative to 
reach the simultaneous recovery of P and K from liquid effluents highly loaded in these nutrients (K-struvite contains 
11.6% P and 14.7% K in dry weight) (Tarragó et al., 2018). The precipitation takes place under controlled conditions 
of pH, temperature and ion concentration. The presence of ammonium (NH4+) will favour the formation of common 
struvite (magnesium- ammonium-phosphate hexahydrate, MAP) rather than K-struvite due to its lower solubility in 
water (Shih and Yan, 2016). This study aims to investigate K-rich struvite production as a new slow-release biofertilizer 
from the NDN liquid effluent.
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MATERIALS AND METHODS

The NDN treatment plant under study was located in a pig farm from Osona (Spain) and follows the process layout 
shown in Figure 1A.

The liquid effluent from the NDN reactor had as soluble Mg/K/P molar ratio 1.4/9.5/1 (136 ±8 mg P/L). NaOH was 
used to increase the pH. By considering P as the limiting element, magnesium oxide (MgO) and magnesium chloride 
(MgCl2·6H2O) were used as Mg external sources. By considering K as the limiting element, the simultaneous addition 
of Mg and P was performed with NP (newberyite MgHPO4 · 3H2O) synthesised at the laboratory with MgO and 
orthophosphoric acid (H3PO4) as proposed by Astals et al. (2021). The NP were synthesised with 2.4 g H3PO4/g MgO 
and dried at room temperature.

Precipitation tests were performed in 1-L glass beakers using a flocculator (mod. JLT6, Velp Scientifica, Italy) and in 
a 14.6 L air-lift crystallizer made of methacrylate (Figure 1B). The effect of the pH, constituent ion composition, and 
presence of NH4+ (tests A-D: 0, 25, 50 and 150 mg N/L) were assessed. The composition and structure of the 
precipitate were analysed with inductively coupled plasma (ICP) and X-ray diffraction (XRD), respectively.

Figure 1. Flow chart of the swine manure treatment plant (Osona) (A). Air lift crystallizer: The clarifier, riser and collector parts are 
identified (B).

RESULTS AND DISCUSSION

Test in beakers: As shown in Figure 2A, by considering P as the limiting element, low K recovery efficiencies (between 
3% and 10%) were reached under different values of pH (from 10 to 12). Moreover, the molar removal ratio between 
Mg and P (MRRMg:P) was slightly above 1 suggesting the co-formation of the magnesium phosphate known as 
cattiite (Mg3(PO4)2·22H2O) (Zhang et al., 2018). By considering K as the limiting element, stable IREK were reached 
after 2 h of reaction (Figure 2B). The higher the dose of NP applied (8-14 g NP/L) the higher K removal efficiency 
reached, so best results were obtained with the addition of 14 g NP/Leffluent (IREK reaching 90%).

barraquete
Nuevo sello



Recovery of K-rich struvite from swine manure after biological nitrogen removal    19

Congreso YWP SPAIN, 2022. Valencia

Figure 2. K removal efficiency (IREK) from the denitrified effluent considering P as the limiting element (A). Evolution of the K 
removal efficiency with the addition of different doses of newberyite particles (8, 11 and 14 g NP/Leffluent) (B). Both tests were 

performed in 1-L glass beakers.

Under the absence of NH4+, Mg2+ and PO4 were the principal ions removed from the denitrified effluent, but under the 
presence of small amounts of NH4+, K became also involved and the IREK reached 39% (Figure 3). Moreover, the 
precipitate obtained from test A (0 mg N/L) were identified as K,Na-struvite (known as hazenite) and cattiite while in 
the precipitate from test D (150 mg N/L) MAP replaced cattite.

Figure 3. Ion removal efficiency for Mg2+, PO4, NH+
4 , K+ and Na+ at different initial concentrations of NH+

4 (where A = 0,  
B = 25, C = 50 and D = 150 mg N/L). This test was performed in 1-L glass beakers.

Test in the crystallizer: As shown in Table 1, tests performed in the crystallizer evidenced that by only modifying the 
pH to 11, an IREP of 81% was reached due to the formation of cattiite (CC4). Once fixed the pH, the recovery of P, was 
improved by adding an external Mg source (CC2-CC3). As in the case of the beakers, under the absence of NH4+, 
cattiite was the principal precipitated salt obtained, but the presence of a small amount of NH4+ in the denitrified 
effluent (15-30 mg NH4+-N/L) favored the formation of struvite-type crystals, specially MPP (CC5).

barraquete
Nuevo sello



Recovery of K-rich struvite from swine manure after biological nitrogen removal    20

Congreso YWP SPAIN, 2022. Valencia

Table 1. Results from the six different experiments performed with the air-lift crystalliser. From experiments 1 to 5 the crystalliser 
was running in continuous and in the sixth experiment it was running in batch.

Experiment pH NH+
4 Additives IREP IREMg IREK MRRMg:P Crystal type

CC1 10.5 Yes No 64 (4) 56 (4) 5 (1) 1.01 cattiite + 
MPP/MAP

CC2 10.5 No MgCl2 93 (2) –14 (11) 3 (0) 1.44 cattiite

CC3 10.5 No MgO 87 (3) 56 (9) 1 (2) 2.37 cattiite

CC4 11 No No 81 (2) 79 (5) 1 (1) 1.46 cattiite

CC5 11 Yes No 90 (1) 40 (2) 7 (2) 0.92 MPP/MAP

CB6 10.5 Yes NP 46 (5) 74 (8) 67 (5) 1.05 hazenite

By dosing NP, an IREK of 67% was achieved (CB6) and the main precipitate obtained was hazenite. Nevertheless, the 
formation of hazenite is undesirable because it competes for Mg and P ions when targeting MPP formation and 
moreover because sodium (Na) is a soil dispersing agent and, thus, it can cause de deterioration of the soil structure 
(Porta et al., 1994).

CONCLUSIONS

This work has proved as feasible the concept of recovering P and K from the denitrified effluent produced after a 
BNR system treating swine manure. Precipitation of a multi-nutrient valuable product with 0-1% N, 11-17% P and up 
to 8% K has been achieved. Nevertheless, further work is needed to mitigate the presence of Na+ in the recovered 
precipitate.
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The interest in processes to produce energy as biogas is being increased. It has been estimated that at least 25% of 
all bioenergy can be originated from biogas in the future (Holm-Nielsen et al., 2009). According to Scarlat et al. 
(2018), 9% of biogas in Europe comes from sewage sludge in wastewater treatment plants. However, raw biogas 
cannot be introduced into the gas grid, mainly because of its high carbon dioxide content. Storage, transportation 
and the presence of some trace pollutants in the raw biogas are the main reasons behind the increasing interest on 
biogas upgrading (Angelidaki et al., 2018). On the other hand, biomethane can be directly injected into the existing 
natural gas grids, thus solving the issues of transportation and storage for biogas (Khan et al., 2017).

Different technological innovations and processes tackle the upgrading of this biogas to the required methane 
contents, which are often well above 90% in many countries. Biogas upgrading using hydrogenotrophic methanogens 
is a key step towards a sustainable model to produce green energy. Hydrogenotrophic methanogenic archaea are 
chemoautotrophic microorganisms capable of converting CO2 to CH4 using H2 as electron donor (4H2 + CO2 → CH4 + 
+ 2H2O ΔG0 = −130.7 kJ/mol). Hydrogen can be produced by the electrolysis of water, but it requires a source of CO2 
for its transformation into methane. Among others, this carbon source can be the CO2 produced and captured from 
combustion processes (15-20% CO2), from industrial processes such as biogas (35-45% CO2) or from fermentation 
off-gases (>95%).

Previous literature showed that both adding H2 to anaerobic digesters (in-situ biomethanation), and suppling H2 to 
biogas in bioreactors rich in hydrogenotrophic methanogens (ex-situ biomethanation), are suitable strategies to 
increase the methane fraction in biogas. The comparison between in situ and ex situ biomethanation processes 
showed that higher methane productivities and higher methane percentages are reached with ex-situ systems 
(Rafrafi et al., 2020). However, one of the main barriers identified for the successful development of the technology 
on an industrial scale is the gas-liquid mass transfer of H2 (Jensen et al., 2021), due to its low solubility (dimensionless 
Henry constant, HH2 = 50 and 55 at 35 and 55 ºC, respectively). Consequently, applied research should focus on 
developing viable bioreactor configurations to overcome H2 limitations.

Hydrogen Uptake Rate (HUR) tests are a cost-effective tool to characterize the biological activity of hydrogenotrophic 
cultures and to study the mechanisms, rates, kinetic parameters or growth yields. The conventional approach for a 
typical H2-activity test is to use a batch system as serum bottles with a H2-rich headspace and measuring the 
headspace pressure to assess H2 consumption. However, direct measurements of the liquid-phase H2 concentration 
by in-situ H2 probes demonstrated the problems associated with slow H2 transfer. Therefore, a reliable methodology 
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to properly identify hydrogenotrophic cultures rates and kinetic parameters through batch tests is still lacking. In this 
sense, a novel experimental methodology is proposed in this work to perform HUR tests to assess the influence of 
the pressure (a key variable for H2 solubility) and other selected variables (pH, temperature, inorganic C load and 
inhibitor species such as O2 or H2S). Stoichiometric and kinetic parameters will be assessed from the resulting H2 
profiles during the monitoring of the decrease of dissolved hydrogen concentration over time, thus monitoring the 
biomass activity.

A pressurized 120 mL Miniclave reactor (BuchiGlas, Switzerland) equipped with a dissolved H2 microsensor 
(Unisense) was used. Its main limitation is that the standard configuration of the setup does not include a mechanism 
to inject liquid or biomass once the reactor is pressurized. Working under pressure conditions required the 
modification of the setup by coupling a liquid injection chamber, thus leading to the hybrid setup represented in 
Figure 1. The procedure to run the reactor essentially consist in the following steps: completely filling the reactor 
with the mineral medium, bubbling H2 to reach the liquid saturation inside the reactor, injecting methanogen-enriched 
biomass while pressurizing at the desired value and monitoring the dissolved H2 concentration along time with the 
microsensor. Apart from these steps, taking samples at the beginning and at the end of the experiments is required 
to measure the changes in the pH, total inorganic carbon (carbon source), as well as the optical density to quantify 
the volatile suspended solids concentration. A battery of HUR tests will be carried out with enriched methanogen 
cultures to perform the tests in appropriate time windows (less than 8h) under the selected conditions to monitor 
parameters such as the biomass yields, maximum specific growth rate or the half saturation constants that may 
potentially affect the process rates.

Figure 1. Scheme of the pressurized Miniclave reactor (Buchiglas) setup.
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Figure 2 shows the typical profile of dissolved hydrogen concentration over time for an HUR test. In this example, it 
can be observed the effectiveness of the methodology, since all the H2 is consumed by the microorganisms at a 
specific volumetric rate of 19.53 mmolH2/(gVSS*d). These preliminary results show the promising capacity of the 
hydrogenotrophic methanogens as a way to perform biogas upgrading processes.

Figure 2. Dissolved H2 consumption in the HUR tests.
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ABSTRACT

The expected increase of water scarcity problems promotes water reclamation and reuse as an important objective, 
as well as nutrient recovery and the development of higher sustainability processes regarding energy consumption. 
With the aim to impulse such aspects in wastewater treatment, the LIFE AMIA project validates an innovative WWTP 
concept combining different technologies: Anaerobic-Aerobic Compact treatment (A2C), a High-Rate Algae Pond 
(HRAP) bioreactor and an Advanced Oxidation Process (AOP). This group of technologies deal with the strict 
standards for water reuse in agriculture in the EU. Besides, the Anaerobic-Aerobic reactor sludge and the microalgae 
harvest biomass provide a biofertilizers source. LIFE AMIA process is being validated in the Alhama de Murcia 
WWTP with promising results of water quality for reuse, energy savings and biogas production.

INTRODUCTION

The increasing exigencies for water reuse in terms of quality for regenerated wastewater, energy efficiency and 
resource recovery are promoting the redefinition of the standard wastewater treatment technologies, mainly based 
on activated sludge as biological treatment and chlorination or UV light disinfection. To meet these requirements in 
the forthcoming environmental policies, some innovative technologies need to be developed, especially for small 
and medium populations.

The LIFE AMIA project develops a novel combination of technologies (Figure 1) to allow the regeneration and 
purification of municipal wastewater with a lower energy consumption ratio and bringing in the circular economy 
principle. The demonstration plant is located at the Alhama de Murcia WWTP (Murcia, Spain), treating a flow of 12m3/d.
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Figure 1. LIFE AMIA pilot plant scheme.

PILOT PLANT DESCRIPTION

The LIFE AMIA treatment starts with the anaerobic-aerobic compact reactor (A2C) which consists of two different 
stages stacked vertically. The first treatment stage is in the anaerobic chamber, at the lower part of the reactor, 
where the anaerobic treatment with granular biomass takes place in an EGSB-type upflow reactor. In this first stage 
most of the organic load is removed obtaining biogas, which allows to reduce the energy demand of the treatment 
as well as obtaining a feasible methane recovery stream. After a three-phase separator, which prevents the biomass 
granules from upflowing and initiates the biogas line, the second stage of the A2C reactor consists of an aerobic 
treatment based on moving bed technology (MBBR). This stage eases the biomass retention and the reduction of an 
additional fraction of the organic pollutants. The sludge produced is recovered to be used as a biofertilizer and the 
clarified water becomes the inlet of the microalgae treatment.

Next stage of the LIFE AMIA process consists of two high-rate algae ponds (HRAP) on which photosynthetic 
autotrophic microorganisms fix dissolved CO2 and nutrients present in wastewater (mainly N and P) being exposed 
to sunlight. The effluent of the microalgae culture is separated in microalgae biomass and clear water in a dissolved 
air flotation (DAF) system in which the microalgae is harvested. This microalgae biomass is then recovered and able 
to use as a biofertilizer given its high nutrients content. Both microalgae biomass and A2C sludge are being studied 
at a greenhouse and field scale on different crops, with positive results about both sludge and harvested biomass 
performance as biofertilizer, providing nutrients and organic matter to agricultural soil.

The DAF clear effluent water is driven to the last stage of the LIFE AMIA process, the advanced oxidation process 
(AOP) tertiary treatment. This technology regenerates the water through a complex adsorption and electro-
oxidation technology powered by solar panels. This novel process is based on the use of NYEX® particles, which 
perform the adsorption of the organic molecules as well as the electrical current conduction, resulting in the 
oxidation of these molecules to CO2 and the regeneration of the particle surface. This technology consists of two 
reactors with NYEX® beds separated by membranes. The effluent of this process (and therefore LIFE AMIA 
effluent) has a low organic content (below EU regulation limits) and undergoes a high removal of emerging 
pollutants and disinfection.
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RESULTS AND DISCUSSION

The A2C reactor has been operating in continuous mode for more than 500 days. The performance of this primary 
treatment is stable resulting in a 77 ± 12% COD removal rate (Figure 2a). The reactor has coped with several COD 
peaks above 1500 mg/l with no significant alteration of the performance. Once the stationary conditions were 
reached, the methane production has been significant, with a 68 ± 12% content in the biogas produced (Figure 2b).

Figure 2. COD removal in the A2C reactor (a) and methane fraction in the biogas line (b).

HRAP reactors have been tested at several HRTs to assess the optimal conditions. Once stabilized with a HRT of 6 
days, the culture obtained around 750 ± 100 mg/l of solids with a volatile solids content of 84 ± 5%. The COD removal 
in this stage was also present with a 66 ± 21% reduction. The N and P content in the dry microalgae biomass was 
measured resulting in 6,7 ± 1,3% N and 3,1 ± 1,0% P. The total recovery of both N and P to be used in the algal 
biofertilizer is 335± 39 gN/d and 156+17 gP/d, respectively. Ammonia is the main nitrogen source in the A2C effluent 
stream. Figure 3 shows the high removal rates happening in the microalgae treatment. Nitrogen in its different forms 
has been consumed by the microalgae leaving concentrations below 2 mg/l.
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Figure 3. Ammonia (NH4) removal in the high rate algae pond (HRAP) treatment.

Regarding the AOP process, it presents a higher removal than conventional urban wastewater treatment. The 
highest concentration of emerging pollutants identified were for ketoprofen, 4- aminoantipyrine and diclofenac. 
For all of them the removal was greater than in the conventional treatment (Figure 4), achieving removal values 
between 84.2 and 99.9%. In general terms, LIFE AMIA treatment has achieved a high performance, resulting in a 
complete removal for several micropollutants below detection limits and disinfection by removing pathogens as 
well (Table 1).

Figure 4. LIFE AMIA micropollutants removal compared to the conventional WWTP.
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Table 1. Pathogens removal in the electrooxidation (AOP) treatment.

E. Coli Salmonella sp.
Clostridium 
perfringens 

spores

Somatic  
coliphague

Specific  
bacteriophage

Total  
bacteriophague

(CFU/100 mL) (/1 l) (CFU/100 mL) (p.f.p/mL) (p.f.p/mL) (p.f.p/mL)

99-100% 100% 99,2-100% 90,7-100% 100% 90,5-100%
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ABSTRACT

Between 3 and 4 million inhabitants of communities with less than 2,000 population equivalents (PE) still lack 
adequate wastewater treatment. In Spain, it is estimated that the degree of WW treatment in populations with less 
than 2,000 PE is low (less than 40-50%) (Ortega, E. 2010). EXTensive systems are proposed as the most appropriate 
solution due to lower operation and maintenance costs, but they have the drawback of requiring large areas of land. 
LIFE INTEXT project, led by Aqualia, aims to solve this problem by combining INTensive and EXTensive hybrid 
technologies (INTEXT technologies).

Figure 1.  Number of municipalities and number of inhabitants distribution in Spain [Ortega, E. et. Al].

Two demonstrative technological platforms will compare the effectiveness of INTEXT technologies in a Continental 
climate (Talavera de la Reina WWTP, Toledo) and a Mediterranean climate (Fundación CENTA in Carrion de los 

barraquete
Nuevo sello



LIFE INTEXT Project: Innovative hybrid INTensive – EXTensive resource recovery from wastewater in small communities    30

Congreso YWP SPAIN, 2022. Valencia

Cespedes, Sevilla). 16 innovative technologies have been installed it Talavera WWTP to compare results between 
them. On the other hand, CENTA’s existing wetlands have been retrofitted and compared to other systems already 
existing at CENTA facilities.

Figure 2. LIFE INTEXT objectives diagram.

After commissioning, the performance of these systems is being studied and the main objectives of the project will 
be evaluated: (1) Validation of technologies, (2) Reduction of the area (<1 m2/PE), (3) Reduction of investment costs 
and maintenance, (4) Evaluation of the emission of greenhouse gases, (5) Evaluation of the elimination of emerging 
pollutants, (6) Disinfection and water reuse, (7) Decision support system (DSS) based on a Life Cycle Analysis (LCA).

Figure 3. Intext Talavera de la Reina platform process diagram
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Figure 4. Intext platform aerial view in Talavera de la Reina WWTP.

Next, the INTEXT technologies are classified and described:

PRETRATMENT

Anaerobic pretreatment

This anaerobic pretreatment plant is proposed as an alternative to conventional primary treatments as settlers. In 
this process, organic load is reduced (minimizing energy consumption in the next aerobic process) and biogas is 
produced in the anaerobic digestion.

NON-CONVENTIONAL EXTENSIVE SECONDARY TREATMENT

High-Rate Algae Ponds (HRAP)

Two HRAPs are designed as a secondary treatment for WW treatment. This low-cost technology is based on 
microalgae-bacteria consortia in which the first microorganism produces oxygen which bacteria uses to degrade 
organic matter in the wastewater.

Constructed aerated wetlands

French’ constructed wetlands are based on the integration of urban wastewater to natural sand filters in which 
plants grow. Interaction between plant species and microorganisms combined with the effect of the biofilter make 
possible to reach high performance with landscape integration and low environmental and energetic impact.

Floating aerated wetlands

Floating wetlands consist on a water matrix in which emergent plants grow along the surface. The upper parts of the 
plants grow above the water level while the roots extend down in the water matrix playing a crucial role on nutrient 
and organic matter uptake.
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HYBRID SECONDARY TREATMENT

Rotating contactor + Floating wetlands

Rotating biological contactors are WW treatment systems in which microorganisms are attached to a material which 
rotates semi-submerged in the wastewater. Effluent from this system will be introduced to a floating wetland, 
creating a hybrid system with both technologies, finding a new approach to wastewater treatment in small 
communities.

Trickling filter + Clarifying wetlands

A trickling filter is a biological filter made of a fixed bed which operates mainly in aerobic conditions. Wastewater is 
sprayed over the filter and bacterial biofilm grows covering the filter material. This system is hybridized with a 
clarifying wetland thus generating a new concept of wastewater treatment in small communities.

INNOVATIVE INTENSIVE SECONDARY TREATMENT

Granular Aerobic Reactor

The granular aerobic reactor is designed as an alternative to conventional wastewater treatment. This system 
operates in a batch mode, as a sequential system. Wastewater is added to a reactor in which organic components 
removal takes place with aerated and anoxic cycles. When the process is finished, the reactor is emptied, starting 
over the process.

SLUDGE TREATMENT WETLANDS

Sludge treatment wetlands are an alternative technology that reduce operation and maintenance costs compared to 
conventional technologies via low energy requirements and technical simplicity.

TERTIARY TRATMENT AND NUTRIENTS RECOVERY

The water cycle is closed with phosphorus recovery using natural adsorption materials to recover this important 
nutrient for agriculture application. Treated water is disinfected with an innovative solar disinfection system which 
generates Cl2 with solar panels. Finally treated and disinfected water is being reused with a smart irrigation system.
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INTRODUCCIÓN

Canal de Isabel II, S.A (en adelante, Canal) ha sido la encargada de asegurar el abastecimiento de la región madrileña 
desde hace más de 170 años. Para ello se ha servido de, entre otros recursos adicionales, trece embalses con una 
capacidad total de 944 hm3. La mayoría de ellos están situados en la zona norte de la Comunidad, sobre un sustrato 
granítico y con bajos índices de población, lo que favorece una mejor calidad del recurso en su origen. Sin embargo, 
la morfología y condiciones tróficas de cada embalse son muy variadas, además de estar sometidos a diversos 
estresores que comprometen su calidad, lo que implica una atención diferenciada en cada caso.

Desde la construcción hace casi un lustro del primer laboratorio de análisis de agua en Mangirón, se han realizado 
importantes esfuerzos para estar a la vanguardia en la toma de muestras, ensayos analíticos y seguimiento de 
las incidencias en todo el ciclo integral del agua. De igual manera, la adquisición de la información limnológica 
de los embalses ha ido evolucionando y actualmente se cuenta con series temporales de más de 30 años que se 
han ido mejorando e intensificando con la llegada de nuevas tecnologías y estrategias innovadoras al estudio de 
la dinámica de los embalses, siempre con el objetivo de captar el agua de mejor calidad posible para minimizar 
los tratamientos necesarios en las ETAP que garanticen su calidad sanitaria (Urrutia et al., 2006; López et al., 
2009; Cáceres et al., 2021). Entre estas tecnologías se encuentra el uso de equipos automáticos de análisis que 
permiten ensayar decenas de muestras en horas, sondas multiparamétricas que aportan información inmediata 
del perfil vertical durante el muestreo o plataformas de alerta remota para disponer de esta información en 
tiempo semireal.

Esta gran cantidad de datos permiten no sólo asesorar sobre la cota con agua de mejor calidad, sino que, con el 
tratamiento adecuado, pueden ser también una valiosa fuente de conocimiento de los recursos embalsados y sus 
cuencas de drenaje, para la toma de medidas preventivas. Para ello se necesitan soportes estadísticos y programas 
gráficos de primer nivel, así como operadores que sepan interpretar el conjunto de variables. Por ello, el objetivo de 
esta comunicación es poner de manifiesto las aplicaciones desarrolladas en Canal durante los últimos años, en 
concreto aquellas basadas en herramientas de programación, y que han permitido automatizar y mejorar el análisis 
de datos limnológicos recogidos en los embalses gestionados por la empresa.
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HERRAMIENTAS DE PROGRAMACIÓN EN LIMNOLOGÍA

Con la llegada de la transformación digital, nuevas herramientas de visualización avanzada y modelización se abren 
paso en los estudios limnológicos, fáciles de entender y con infinitas posibilidades para el tratamiento de los datos. 
Entre ellas, las más usadas en Canal incluyen el software Matlab®, de tipo privado, con su propio lenguaje y con una 
interfaz amigable, y Python, un lenguaje de código abierto multipropósito e integrable en numerosas plataformas.

Matlab

Gracias a esta herramienta, desde Canal se ha podido automatizar los procesos de creación de gráficos de isolíneas, 
que representan la variación espacial y temporal de los parámetros más representativos de la calidad del agua de 
los embalses (Figura 1), reduciendo el procesamiento de datos desde un mes con las herramientas tradicionales 
(SigmaPlot, Surfer) a menos de una hora con Matlab.

Figura 1. Gráfico de isolíneas representativo de la variación espaciotemporal de la temperatura en un embalse en función de la 
fecha y la cota, durante el ciclo hidrológico 2020-2021. Las líneas moteadas y colores facilitan la interpretación en la variación de 

la temperatura mientras que los puntos negros indican las profundidades de muestreo. Figura creada con Matlab®.

Otra de las aplicaciones de este programa ha sido el cálculo del Factor de Anoxia (FA). La anoxia se define como la 
falta total de oxígeno en el agua, siendo frecuente en embalses durante la época estival debido a la estratificación: 
la producción de oxígeno se lleva a cabo en las capas superiores por el fitoplancton, mientras en el fondo se consume 
en procesos de oxidación por la materia orgánica que va sedimentando. El FA normaliza el grado de severidad de 
estos episodios, indicando el volumen de agua afectado a escala anual. Gracias a la automatización con Matlab se 
han podido de nuevo reducir los tiempos de procesamiento y mejorar el propio proceso en sí al crear reglas de 
decisión y utilizar herramientas de interpolación para calcular los valores de oxígeno por profundidad en los días 
que no se ha tomado datos, puesto que los muestreos en el embalse son quincenales y los cálculos manuales con 
Excel afectaban mucho al valor de este parámetro.

En cuanto a las aplicaciones estadísticas y de modelización, en 2017 se realizó un estudio utilizando Matlab para 
conocer la relación entre la calidad del agua bruta de un embalse y el uso de reactivos en la ETAP. El objetivo era 
desarrollar una herramienta estadística simple (Figura 2) que permitiera asesorar sobre la profundidad de extracción 
más adecuada para optimizar los procesos de tratamiento en la ETAP (Cáceres et al., 2017).

Congreso YWP SPAIN, 2022. Valencia
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Figura 2. Dosis estimada de cloro en el tratamiento teniendo en cuenta la calidad del agua del embalse por profundidad. La línea 
blanca continua representa la altura óptima para la extracción de agua, considerando los tres puntos de toma disponibles a las 
cotas de 825, 811 y 797 m. La línea roja punteada indica la profundidad intermedia, utilizada para la extracción de agua durante 

todo el período de estudio. Figura creada con Matlab®.

Python

Tradicionalmente, las actividades de monitorización de los embalses han incluido la toma de muestras en boyas 
instaladas en la zona cercana a las presas. Sin embargo, durante los dos últimos años se ha estado trabajando en 
el desarrollo de una aplicación que combina los datos obtenidos en estos muestreos con el uso de imágenes del 
satélite Sentinel 2 y herramientas de “machine learning”, con el objetivo de monitorizar la evolución de la calidad del 
agua en toda la extensión superficial del embalse, no solo en la zona de la presa, localizar puntos de contaminación 
o detectar de manera temprana el crecimiento de algas no deseadas.

El desarrollo de la aplicación se fundamenta en herramientas de información geográfica ArcGIS y paquetes de 
programación Python, que en conjunto permiten automatizar todo el flujo de trabajo, desde la descarga de las 
imágenes brutas, creación de índices para cada parámetro estimado e implementación de algoritmos para corregir 
los valores con los datos de campo (Figura 3). Al margen del control superficial de la calidad del agua, las imágenes 
satelitales tienen más aplicaciones que se están desarrollando en Canal, como la medición de los desplazamientos 
de las presas y la estimación de la cubierta de nieve acumulada en las cuencas de drenaje de los embalses.

Figura 3. Flujo de procesamiento para la estimación de clorofila, turbidez, disco de Secchi y cobertura de nieve utilizando las 
imágenes del satélite Sentinel-2, dentro de la aplicación desarrollada por Canal de Isabel II, S. A. En azul aparecen los flujos 

terminados y en rojo los que se encuentran en desarrollo.
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ABSTRACT

Anaerobic digestion has become one of the most popular treatments for the stabilization of the sludge in the past 
years, where the optimization of mixing inside the large volume vessels is critical for their correct performance. So 
as to avoid mixing difficulties, Computational Fluid Dynamics (CFD) simulations had become the most prevalent tool 
to evaluate hydrodynamics and produce a homogeneous mixing. Besides the difficulties to operate large anaerobic 
digester (ADer) dimensions, tracer experiments were conducted to show the hydraulic behaviour and homogenization 
time and also to validate CFD simulations. The aim of this work was to assess mixing parameters in different 
anaerobic digesters, according to different literature parameters. As conclusion, the inert tracer technique and CFD 
modelling in anaerobic digestion are valuable tools to define the optimum mixing regime of these important process 
units in Waste Water Treatment Plants (WWTPs).

INTRODUCTION

The major applications of anaerobic digestion are the stabilization of concentrated sludge produced from the 
treatment of municipal and industrial wastewater. One of the crucial factors is optimizing mixing because anaerobic 
digestion usually takes place in large-volumes where a defective agitation rate may cause hydrodynamic problems, 
due to the appeareance of dead volumes or short-circuits inside tanks. This erratic hydraulic performance would be 
contrary to the general assumption that all digesters can be considered as ideally mixed. However, CFD simulations 
have proved that hydrodynamics presents great dependence on several physical factors, such as the mixing system, 
the ADer’s shape and inlet-outlet location and flows. In fact, CFD advantages in full-scale ADer are even greater to 
identify the apareance of dead volumes in advance (Meroney & Colorado, 2009) and to identify the optimum mixing 
regime considering also a microbiological approach (Singh et al., 2020).
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MATERIALS AND METHODS

Description of the different setups

In this work, three ADers located in different WWTPs in Spain were analysed (Figure 1). The first setup (from now on 
ADer 1, see Figure 1 left) was more than 3000 m3 with the external sludge recirculation system continuously mixing 
and a propeller that was switched on intermittently 6 hours a week. The second setup was the ADer described in 
Climent et al. (2013) and which also had the same external sludge recirculation system as ADer1 but no propeller 
(see Figure 1 left). Both setups had the same dimensions: more than 3000 m3 volume with a diameter of 23 m, and 
a free surface height of 8.25 m. The third ADer had a total fluid volume of 5046 m3 where mixing was provided by 
means of 14 lances for biogas injection into the central conical part (the lances were submerged at 13.78 m from 
the free surface) (see Figure 1 right).

Figure 1. Scheme of CFD simulations: first and second ADers with the left CFD model and the third ADer with the right one.

Analytic methods

Tracer technique was applied with differnt quemical products: Lithium Chloride for ADer1 (Figure 2 left)., a flourescent 
tracer for ADer2 and Potassium Bromide for ADer3 (Figure 2 right). The aim of these experimental tchnique was to 
validate the CFD models and compare the real tracer performance with the virtual tracer performance in the CFD 
models. An exhaustive sampling campaign at different control points were carried out in all experiments to analize 
the tracer concentration and obtain the Residence Time Distribution (RTD) curve and homogenization times.
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Figure 2. Tracer experiments results for ADer1 (left) and ADer 3 (right).

CFD modelling

Numerical simulations were accomplished through the use of the commercial CFD code ANSYS® Academic 
Research Release 16.2 and 19.2. 3D Eulerian single-phase simulations were defined to reproduce accurately 
hydrodynamics of ADers 1 and 2 and Eulerian-Eulerian two-phase simulation for ADer 3, focused on analysing the 
behaviour of the sludge inside the digesters and defining the mixing degree. A non-Newtonian fluid was set for all 
simulations using Ostwald de Waele model in order to describe the anaerobic sludge shear-thinning behaviour and 
a mixture biogas-phase to mimic the gas mixing in ADer3. Several scenarios with different mixing configurations 
were analysed through different simulations to asses the setups hydrodynamics (see Figure 1): scenarios A without 
propeller like ADer 2; scenario B, added the propeller to scenario A like ADer 1 and, scenario G considered the gas 
mixing from ADer 3. Addtionally., different recirculation flows, ranging from 50 to 100% of maximum recirculation 
flow, were studied in scenario A to evaluate their hydrodynamics. Transient simulations were conducted to reproduce 
the inert tracer test done experimentally.

Mixing parameters

Different bibliography mixing parameters were applied to the different setups and CFD scenarios to define and 
characterize their mixing degree and homogenization times. Table 1 sumarize the mixing parameters chosen in this 
study.

Table 1. Mixing parameters studied in the setups.

Type  
of parameter Parameter Recommended values/ 

Normal values

Design

HRT 15-30 days

DVTT 30-45 min

UP/MEL 5-8 W/m3

G– 50-85 s-1

Local Mixing Local RMS Velocity Gradient 50-85 s-1

Global Mixing UI 1-0 [-]

a) b)
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RESULTS AND DISCUSSION

The CFD ADers models were validated by means of complete or short Retention Time Distribution (RTD) curves from 
inert tracer test. The hydrodynamics of each scenario were studied by means of velocity fields (Figure 3).

Figure 3. a) Circumferential velocity contours in A100 scenario and b) velocity contours and vectors in G1 model.

Besides the design mixing parameters for ADers, it was stated that these parameters should be reviewed to show 
the mixing degree of each setup as they were no able to capture the local mixing shown in the different scenarios. 
Local mixing parameters applied at the CFD results were strongly recommended for CFD studies in anaerobic 
digestion to show the quantity and quality of local mixing. The most used global mixing parameter was the Uniformity 
Index (UI) (Terashima et al., 2009) that was used in the experimental tracer test and the virtual one in the CFD model 
to define the homogenization time of the setups (see Table 2). The CFD homogenization times agreed with the 
experimental ones so it was stated that CFD models would help on optimizing the mixing intensity and regime.

Table 2. Homogenization times in the different scenarios.

Scenario UI Homogenisation  
Time (min)

A0 366.7

A50 91.7

A100 54

A200 25

B100 21.7

G1 270

This results would help on defining intermittent mixing regimes or cosubstrates addition, which are a clear opportunity 
to reduce the energy demands while keeping up biogas production (Leite et al., 2017; Lindmark et al., 2014; Singh et 
al., 2019) and generate even higher biogas production, respetively.
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INTRODUCTION

All over the world, water distribution and treatments are one of the most energy consuming processes. As an 
example, the percentage of the energy usage in US is about 4% (Griffiths- Sattenspiel, 2009), and is up to 7% in Spain 
(Hardy et al., 2010). Local governments are the primarily owners of the drinking water and wastewater utilities, and 
the energy consumption of these water treatments can represent 30%-40% of the municipality’s energy costs 
(Copeland & Carter, 2014). Other than that, some countries have implemented time variable energy tariff, where 
energy costs fluctuate throughout the day. As a result of this scenario, the need to implement strategies in order to 
reduce the energy costs has raised (Chang et al., 2018). The objective of this study is to develop a tool based on 
artificial intelligence (AI) to optimize the energetic costs of the water distribution system. The steps followed for the 
development of this tool are presented for a case study, Granollers distribution network, located near Barcelona (NE 
Spain).

METHODOLOGY

Granollers distribution network takes water from Cardedeu Drinking Water Treatment Plant. From there, pumps, 
tanks and pipes are used to supply eleven water demand points. The water supply company of this network has 
contracted a variable energy tariff for its pumps. This contract assumes 3 different prices of the energy along the 
day. In order to change the operating conditions for an energy costs reduction, the company is able to modify the 
minimum volume of the tanks through the day. This task is done by managing the water demand and water pumping 
requirements based on tank levels. Water quality is also considered, keeping the THM formation under the legal 
limits. To achieve cost-optimized tank operational values, real water demand data was used to develop a genetic 
algorithm (GA). In order to set up this technique, EPANET software was used to simulate the distribution network. 
After operating conditions were generated by the GA, these results were built-in again in the EPANET simulation to 
validate its functionality.
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RESULTS

For the Granollers water distribution network, the developed tool was tested on different tanks. As a study case, a 
4000m3 and 4.5 meters high tank was used. It’s current operational consignments were at 2.4 meters high for low 
energy costs hours, and 2.2 for both medium and high energy costs hours. With a 5 days training, the new 
consignments generated by the GA were 4.45 meters for low energy costs hours and 4.17 meters for both medium 
and high energy costs hours. The proposed results by GA were simulated with EPANET, and the energy costs were 
also calculated. At the end of this 5 day training, this computed management has shown a 13.42% of energy savings 
compared to the current management (Figure 1).

Figure 1. Accumulated energy costs for both simulated and real management of the pumps.

DISCUSSION AND CONCLUSION

The developed tool was able to generate tank consignments to save energy costs on water pumping. This algorithm 
was able to detect new strategies to achieve its goals, such as fully filling the tank in the cheap hours to minimize its 
pumping in the expensive hours (Figure 2). The implementation of EPANET, able the algorithm to generate 
consignments to all kind of water distribution networks. With the general design of the developed software, the 
ability to optimize the pump schedule becomes user-friendly, since the operator only has to digitize its network into 
EPANET for the algorithm to generate the consignments.
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Figure 2. Stored tank volume and pump schedule for both simulated and real management of the pumps. Above: simulated 
conditions. Below: real conditions.
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INTRODUCTION

Trickling filters are fixed film secondary treatments that are simple and robust to build and have low energy 
consumption (Ferrer, 2008; Pal et al., 2010). The principle of operation of a trickling filter is to pass wastewater 
through a solid filler that supports the attached bacterial layer. Bacteria attached to this packing (biofilm) feed on the 
pollutant load and grow on it.

The water quality obtained from this apparently simple operation is in fact a combination of complex internal 
biological mechanisms described elsewhere (Rauch et al., 1999; Almstrand et al., 2011) and an unknown hydraulic 
behaviour. The uncertainty associated to the combination of both effects has made historically difficult to predict 
and understand the performance of trickling filters (Saerner, 1986).

NILSA and Ceit-BRTA are collaborating in the construction of a mechanistic mathematical model that describes in 
detail the hydraulic and biochemical behaviour of trickling filters. This model will help to understand the operation of 
the technology and will be a useful tool for the design and optimization of new and existing trickling filters. In this 
contribution, the simulation outputs are compared with experimental tests performed on a real trickling filter with 
plastic packing media located in Tudela, Navarra. Moreover, the hydraulic model describing the behaviour of a 
trickling filter has been calibrated using data from a real WWTP and a first model-based exploration of the biological 
transformations and water quality has been carried out. In the near future, the model will be calibrated using both 
hydraulic and water quality data.

MATERIALS AND METHODOLOGY

In this section, the materials and methodology used to calibrate the hydraulics of the mathematical model are 
described.
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Experimentation

The experiment used to calibrate the hydraulic model described below, consisted on introducing a constant flow rate 
for a given time and the observing the behaviour of the outflow until the filter was completely emptied. The experiment 
lasted 200 minutes, of which a flow of 340 m3/h was introduced for approximately one hour. From that time until the 
end of the experiment, the filter was emptied. To obtain the data, flow meters were placed at the inlet and outlet of 
the trickling filter.

Mathematical model

The trickling filter has been divided in 8 virtual tanks, following a compartmental modelling approach. On one hand, 
the total height of the filter is divided in four levels. On the other hand, the existence of hydraulic short-circuits and 
retained water makes it necessary to consider in the model a fraction of the circulating water flow that is hardly 
treated (named circulating path) and another that is retained and biodegraded in the different zones of the biofilm 
(named retained path), being the effluent a mixture of both. In this way, the heterogeneities that exist in the reactor 
are represented. Figure 1 shows a schematic diagram including different tanks corresponding to the defined paths 
and levels. The letter in the subscript (C for circulating path and R for retained path) indicates the path and the 
number the corresponding level. Table 1 gathers the meaning of the different parameters.

Figure 1. Schematic diagram of the paths and levels described in the hydraulic model.

Table 1. Hydraulic parameters of the mathematical model.

Parameters Meaning

fcin The fraction of the influent that goes through the circulating path

f The fraction of the water flow that goes to the circulating path
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As each tank has a single inlet and outlet, the mass conservation equation is used to reproduce the variation of the 
water volume in each tank. This mass balance can be expressed as a volume variation, and considering constant the 
density of the water, Eq. (1).

 dv(t)
dt

 = Qin(t) – Qout(t) Eq. (1)

Where v is the volume of the fluid in the control volume, Qin and Qout the inflow and the outflow rate of the control 
volume, respectively. The outflows of each tank are modelled by a weir equation, Eq. (2), where k is the opening 
coefficient of the valve and α is the exponent that regulates the emptying of the tank.

 Qout(t) = k • Vα Eq. (2)

The biochemical model used in this contribution is based on the IWA- ASM2d model which is combined with a 
conventional 10-layer WEST model to describe the bacterial biofilm.

RESULTS AND DISCUSSION

Figure 2 shows the response of the hydraulic model to a pulse of influent flow used in the experiment in Tudela. The 
calibrated model is able to reproduce the behaviour of both the outlet flow rate and the stored volume. Four sections 
can be distinguished in the experiment: filling without significant outflow (A), accumulation of water volume (B), fast 
emptying (C) and slow emptying (D). Once the hydraulic transport model is able to adequately reproduce the hydraulic 
behaviour of the filter, biochemical model explorations can be performed in WEST. As an example, Figure 3 describes 
the ammonium and nitrate concentration for a secondary trickling filter. It can be seen how ammonium concentration 
decreases and nitrate concentration increases with increasing depth and penetration, reflecting limited nitrification.

Figure 2. Results of the hydraulic model.
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Figure 3. Ammonium (left) and nitrates (right) distribution in the biofilm.

CONCLUSIONS

The new model proposes two routes (circulating and retained) to describe water transport. This provides a 
satisfactory description of the hydraulic and biochemical behaviour of trickling filters for different operating 
scenarios. With the experimentation done to date, a preliminary replication of the real behaviour of the filters in the 
mathematical model has been achieved, although these results must be corroborated with more and different 
hydraulic experiments and water quality measurements. Once the calibration and validation of the model for different 
operating scenarios has been completed, a very useful tool will be available to optimise the design and operation of 
NILSA’s trickling filters.
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INTRODUCTION

Computational fluid dynamics, or CFD, is a branch of fluid mechanics based on the resolution of the Navier-Stokes 
equations which govern the flow, by using numerical methods in order to apply them to real engineering problems. 
The resolution of these systems of non-linear equations requires a good definition of the boundary conditions and 
the properties of the fluid. The high level of computation required by these models has historically limited their use, 
but gradual advances in computing capacity enabled to reach new sectors, such as the wastewater sector, where 
they can significantly contribute to the digitalization of WWTPs and the optimization of processes (Vilà Rovira, 
2017). CFD is a high-precision modeling technique, increasingly popular over other traditional modeling approaches, 
as it allows the evaluation of technologies or systems that are difficult to replicate on a laboratory scale or in pilot 
plants.

Research progress in multiphase processes (solid-liquid, liquid-gas), has driven growth in the use of more complex 
and detailed CFD models in the wastewater sector for design, diagnosis and optimization cases of practically any 
process unit (Karpinska et al., 2015). The application of this extra degree of complexity can contribute to enrich the 
information about fluid dynamics, enhancing the knowledge of the case study with transfer phenomena of different 
key species such as dissolved oxygen, oxidized nitrogen species, etc., and contributing to obtain more realistic and 
meaningful models and predictions.

Moreover, the integration of fluid dynamic models with biokinetic models (ASM) allows to obtain even more complete 
information about the different physical, chemical, and biological phenomena taking place in the WWTP CFD context. 
This integration consists of coupling ASM and CFD models, by introducing the necessary biokinetic equations into 
the Navier-Stokes + transfer phenomena matrix. CFD-ASM simulations allow the quantification of biological 
interactions and transport phenomena between the liquid-gas, liquid-solid, and solid-gas phases that occur inside 
any biological reactor, even in those where the biological reaction is usually neglected like decanters, making it 
possible to simultaneously predict the hydrodynamics of the process and its impact on the bioprocesses that occur 
in the system, such as the degradation of organic matter, or nitrification- denitrification processes.

ACCIONA and LEQUIA-UdG, are embarked in an Industrial Doctorate project, named “Use of modelling hydrodynamic 
tools for the optimization of wastewater treatment plants” (Code: 2021 DI 068), with the support of the Industrial 
Doctorate Plan from the Secretary of Universities and Research from the Enterprise and Knowledge Department of 
the Generalitat de Catalunya. In this project, the benefits of CFD+ASM modelling for the optimization of a real WWTP 
will be validated.
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OBJETIVES

The main objective of the project is the optimization of the operational strategy of an ACCIONA operated WWTP 
activated sludge oxidation ditch, by constructing a digital twin of the system that integrates the hydrodynamic and 
the biokinetics models. This optimization will aim to guarantee the quality of the final effluent while minimizing 
energy and reactant consumptions, in order to increase the sustainability of the wastewater treatment process and 
reduce operating costs and incompliances.

The work summarized in this abstract will focus on an initial approximation to this global task. As a first operative 
objective to fulfill, a hydrodynamic study of the carrousel will be carried out using a single-phase model (only fluid). 
In this study, the geometry of the reactor will be elucidated, and the two existing horizontal-axis oriented stirrers will 
be included. The effect of the mixers’ configuration and operation modes on the behavior and distribution of the flow 
inside the reactor will be modelled, in order to stablish a benchmark for the future developments of the project, that 
will introduce the multiphase approach and biokinetics equations.

PRELIMINARY RESULTS

The following figure shows the geometry of the oxidation ditch reactor for this case study. The reactor is around 40 
meters long, with a volume of 3.000 m3 and an average daily flow of around 2.500 m3/day. It was modelled in Ansys® 
SpaceClaim (USA) and simulated using Ansys® Fluent 2022.

Figure 1.  a) Geometry of the carrousel reactor b) Geometry of the stirrers.

Figure 2 shows a cross-section of a preliminary surface mesh of the reactor, made using Ansys® Fluent Meshing.

Figure 2. Surface mesh of the reactor.
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Starting from this initial approximation to the doctorate project, it is expected to obtain a detailed model which 
enables the hydrodynamic characterization of the reactor in different operating scenarios of the mixers. Results will 
show the flow lines and the velocity contours of the different scenarios, with a special focus in the area where the 
mixers are located, since it is the most complex zone of this model, in terms of flow regime and meshing. Figure 3 
shows a first approximation to the velocity contours of the scenario with the two mixers working correctly.

Figure 3. Top view of a velocity profile at 2.5 m from the bottom of the reactor.

To obtain this more detailed model, it is expected to refine the geometry of both the reactor, improving the inlet and 
outlet works, and the shape of the stirrers. Likewise, the quality of the mesh is expected to be improved.

CONCLUSIONS

The preliminary hydraulic study will contribute to elucidate the impact of the inlet and the mixers in a first approach. 
Further advances will gradually detail and complicate the model until obtaining a digital twin based on hydrodynamic, 
multi-phase and biokinetic equations that will be used as a tool to optimize the operation of a preexisting carrousel, 
reducing its energy and reagents consumptions, and increasing sustainability of the operation.
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INTRODUCTION

Fractioning of waste activated sludge (WAS) through membrane filtration to recover added-value compounds such 
as carbohydrates, proteins and humic acids is a promising way to valorize this residue in the context of circular 
economy (Raheem et al., 2018). Although this technology has high selectivity and low cost, it is hindered by the 
occurrence of membrane fouling, which can affect the efficiency of the membrane (Guo et al., 2012). In this sense, 
membrane fouling depends on several factors, such as the molecular weight cut-off (MWCO) and material (Kanani 
et al., 2010) of the membrane.

Therefore, the aim of this work was to study the fouling of different polymeric membranes after the fractionation of 
hydrothermally solubilised WAS.

MATERIAL AND METHODS

Waste activated sludge

Thickened WAS was withdrawn from a wastewater treatment plant in Mieres(Spain). It was oxidised in a batch reactor 
at 160 ºC and 40 bar for 80 minutes, with a constant flow of 1200 mL/min of saturated O2 and stirring at 150 rpm.

Membrane filtration

Polyethersulphone (PES), hydrophilic polyethersulphone (PESH), and polyacrylonitrile (PAN) flat- sheet membranes 
with MWCO of 50 kDa were employed to perform the experiments, which were carried out using an FT17 Cross-flow 
Filtration Unit (Armfield Ltd., United Kingdom). Filtrations were performed at 50.0 ± 0.4 ºC, transmembrane pressure 
(TMP) of 4.0 ± 0.2 bar and crossflow velocity (CFV) of 3.00 ± 0.05 m/s. WAS was filtrated without recirculation of the 
permeate until a volume concentration rate (VCR) of 2.5 was reached.
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Fouling analysis

Fouling modelling

Resistance-in-series, Hermia’s (Collado et al., 2020), and Mehta’s (Mehta, 1973) fouling models were employed to 
characterize the reversibility and main mechanism of membrane fouling occurred during the different filtration 
experiments.

Atomic force microscopy

The roughness of the fouled and clean membranes was analysed by atomic force microscopy (AFM), using a 
scanning probe microscope. Mean roughness (Ra [nm/µm]) and root mean square roughness (rms) were determined 
from the collected data using the WSxM 5.0 software (Horcas et al., 2007).

Scanning electron microscopy

Surface imaging and elemental mapping of the clean and the water-rinsed fouled membranes were carried out by 
scanning electron microscopy (SEM), using a scanning electron microscope (JEOL JMS-6610LV) coupled with 
energy dispersive X-ray analyzer (EDX) and operating at 20 kV.

RESULTS AND DISCUSSION

Fouling modelling

The resistance-in-series model showed that the main fouling of PAN and, to a lesser extent, PES, was reversible. On 
the contrary, the fouling of PESH had a strong irreversible character (Figure 1), which implies disadvantages, such as 
the need for more frequent chemical cleanings or a reduction of the membrane lifespan. It was also found that cake 
formation model was the main fouling mechanism in all cases (Figure 2), although the fittings highlight the complexity 
of the fouling mechanisms. It should be noted that the best fitting of the experimental data was achieved with 
Mehta’s model, which conveys information about the effect of membrane fouling (α, t-1) and concentration 
polarization and gel layer formation (β, t-1) on the flux decline (Table 1). The α values obtained for the filtrations with 
PESH and PAN were 10-fold higher than the one obtained for PESH, and the β value for PES was 4- fold higher than 
the ones obtained for PESH and PAN, which indicates that, during the filtration with these membranes, a strong initial 
membrane fouling occurred after the beginning of the operation, causing a rapid decrease in the flux. After this initial 
drop, the stabilisation of the flux by concentration polarization occurred more slowly. The behaviour during the 
filtration with PES was the opposite: the initial drop caused by membrane fouling was less drastic, and the equilibrium 
in concentration polarization was reached faster.

Figure 1. Reversible (   ), irreversible (   ) and membrane (   ) hydraulic resistances.
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Figure 2. Hermia (CPB [   ], IPB [   ], PPB [ – • – ] and CF [   ]) and Mehta ( — • • ) flux models for PES50 (a), PESH50 (b) 
and PAN50 (c) experimental fluxes (•).

Table 1. Fitting parameters for the Mehta’s model.

Mehta’s model

PES50 PESH50 PAN50

α (t–1) 3.88 30.70 30.70

β (t–1) 5.20 · 10–2 1.33 · 10–2 1.26 · 10–2

Atomic force microscopy

Foulant particles tend to deposit in a “crest and valley” or “nodule and valley” formations on membrane surface, 
clogging these regions (Boussu et al., 2005).

The measured roughnesses of the membranes (Table 2) were in accordance with the observed fouling tendency: 
membranes with lower surface roughness have less “valley-like” formations on their surface, so the attachment of 
solute molecules is restricted (Boussu et al., 2005). Surface membrane roughness was a more determining parameter 
than hydrophilicity in terms of normalised flux decay.

Table 2. Membrane surface roughness parameters.

Mehta’s model

PES50 PESH50 PAN50

Clean
Ra [nm/µm] 23.0±0.6 74±5 67±8

rms 30.4±0.9 94±7 89±5

Fouled
Ra [nm/µm] 83±55 164±37 92±6

rms 102±42 212±47 119±7

Scanning electron microscopy

The differences between membrane morphologies (Figure 3) can be related to their different permeabilities and 
selectivities (Kowalik-Klimczak et al., 2016). After filtration, a crust was formed on top of the membrane surface, 
corresponding to the formation of the fouling cake (Figure 3). Presence of N (from protein and humic acids) and 
different heavy metals could be detected on the surface of the membranes but not on their cross-sections, indicating 
that fouling is occurring almost exclusively on the membrane surface.
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Figure 3. SEM images of cross-section (left) and fouled surface (right) of PES (a), PESH (b) and PAN (c) membranes.

CONCLUSIONS

The main fouling mechanism was cake formation in all cases, the irreversible one being significant in PES and 
especially in PESH membranes. Surface membrane roughness was a more determining parameter than hydrophilicity 
in terms of normalised flux decay. Fouling occurred almost exclusively on the membrane surface.

REFERENCES

Boussu, K., Van Der Bruggen, B., Volodin, A., Snauwaert, J., Van Haesendonck, C., Vandecasteele, C. (2005). Roughness and 
hydrophobicity studies of nanofiltration membranes using different modes of AFM. J. Colloid Interface Sci. 286, 632-
638. https://doi.org/10.1016/J.JCIS.2005.01.095.

Collado, S., Núñez, D., Oulego, P., Riera, F. A., Díaz, M. (2020). Effect of landfill leachate ageing on ultrafiltration performance 
and membrane fouling behaviour. J. Water Process Eng. 36. https://doi.org/10.1016/j.jwpe.2020.101291.

Guo, W., Ngo, H. H., Li, J. (2012). A mini-review on membrane fouling. Bioresour. Technol. 122, 27-34. https://doi.
org/10.1016/j.biortech.2012.04.089.

Horcas, I., Fernández, R., Gómez-Rodríguez, J. M., Colchero, J., Gómez-Herrero, J., Baro, A. M. (2007). WSxM: A software 
for scanning probe microscopy and a tool for nanotechnology. Rev. Sci. Instrum. 78, 013705. https://doi.
org/10.1063/1.2432410.

Kanani, D. M., Fissell, W. H., Roy, S., Dubnisheva, A., Fleischman, A., Zydney, A. L. (2010). Permeability-selectivity analysis 
for ultrafiltration: Effect of pore geometry. J. Memb. Sci. 349, 405-410. https://doi.org/10.1016/j.memsci.2009.12.003.

Kowalik-Klimczak, A., Bednarska, A., Grądkowski, M. (2016). Scanning Electron Microscopy (Sem) in the Analysis of the 
Structure. Probl. Eksploat. – Maint. Probl. 1, 119-128.

Mehta, B. (1973). Processing of model compositional whey solutions with pressure driven membranes. Ohio State 
University.

Raheem, A., Sikarwar, V. S., He, J., Dastyar, W., Dionysiou, D. D., Wang, W., Zhao, M. (2018). Opportunities and challenges in 
sustainable treatment and resource reuse of sewage sludge: A review. Chem. Eng. J. https://doi.org/10.1016/j.
cej.2017.12.149.

barraquete
Nuevo sello



Large-scale raceway pond reactor for wastewater reclamation by solar photo-Fenton    57

Congreso YWP SPAIN, 2022. Valencia

Large-scale raceway pond reactor for wastewater 
reclamation by solar photo-Fenton

P. Soriano-Molina1, 2*, E. Gualda-Alonso1, 2, N. Pichel1, 2, J. L. Casas López1, 2, J. A. Sánchez Pérez1, 2

1 Solar Energy Research Centre (CIESOL), Joint Centre University of Almeria-CIEMAT, Almeria, Spain
2 Chemical Engineering Department, University of Almeria, Almería, Spain
* Corresponding author: paula.soriano@ual.es

Keywords: Advanced oxidation process, solar photocatalysis, tertiary treatment, scale-up.

INTRODUCTION

Solar photo-Fenton is one of the most outstanding advanced oxidation processes (AOPs), with promising results in 
terms of microcontaminant removal and microorganism inactivation. Recent studies at pilot plant scale have been 
focused on the use of raceway pond reactors (RPRs), with advantages such as the low construction cost, high 
treatment capacities, or the ability to vary the liquid depth to achieve optimum use of photons (Cabrera-Reina et al., 
2021). Despite the large number of publications highlighting the efficiency of the process, the technical feasibility of 
using these reactors at large scale has not yet been demonstrated.

The main goal of this work is the implementation at demonstration scale of the solar photo-Fenton process as a 
tertiary treatment to reclaim wastewater for agriculture irrigation purposes. To this end, a RPR with a surface area of 
100 m2 was built in ‘El Bobar’ wastewater treatment plant (WWTP), located in the city of Almería (Spain) and operated 
in continuous flow mode.

MATERIALS AND METHODS

For continuous flow operation, the WWTP secondary effluent is led into a 5 m3 acidification tank, where it is acidified 
at pH 2.8 with H2SO4. The pre-treated effluent is pumped into the reactor where the reagents are added by dosing 
pumps. Finally, the water treated at acidic pH is neutralized at the outlet by passing through a calcium carbonate 
filter, increasing the pH up to 6.5. Two sampling periods were selected, in the winter and summer seasons. To work 
at the same rate of photon absorption, the liquid depth is set at 10 cm, in winter, and 18 cm, in summer. Considering 
that mixing time must be lower than the hydraulic residence time (HRT), the photo-reactor is operated at 45 min and 
60 min of HRT, respectively, with 0.1 mM FeSO4 and 1.47 mM H2O2.

For microbiological analysis, naturally ocurring Escherichia coli (E. Coli) and Clostridium perfringens were determined 
in the WWTP influent, WWTP secondary effluent, conditioning tank, RPR, and the treated water stored 24 hours. 
Microcontaminants were monitored by direct injection in a LC-QqLIT-MS/MS system. Total treatment cost was 
calculated as the sum of the amortization and operating costs, considering investment (civil works, reactor, frequency 
variators, wastewater and reactant pumps, calcium carbonate filter, conditioning and storage tanks, SCADA’s data 
logging and instrumentation), maintenance, personnel, reagents and energy consumption.
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RESULTS AND DISCUSSION

Figure 1 illustrates the UVA irradiance data and reagent concentrations of two selected trials in the winter and 
summer seasons. Due to the RPR contained water treated by photo-Fenton the previous day, the initial concentration 
of total iron was close to 0.1 mM, whereas dissolved iron concentration was 0.04 mM, in both assays, due to the 
presence of phosphates. Once the operation in continuous flow mode started, the reagent concentrations increased 
up to the steady state, it being reached after 90 min, regardless of the liquid depth. In agreement with the same rate 
of photon absorption estimated, the steady state concentration of H2O2 was 0.68 mM at both liquid depths, whereas 
the presence of phosphates led to 33% and 20% loss of iron in solution at 10 cm and 18 cm, respectively.

Figure 1. UVA solar irradiance and concentration profiles of total dissolved iron and H2O2 during the continuous flow operation of 
the solar photo-Fenton process.

Concerning the microorganisms (Figure 2), E. coli disinfection attained 4.6 and 5.9 log10 reduction value (LRV), at 
10 cm and 18 cm, respectively, with 0.5 and 2 log-units corresponding to the effect of acidification in the conditioning 
tank. C. Perfringens, well known for its resilience to conventional disinfection procedures, showed resistance to the 
acidic environment, undergoing no reduction at this stage. However, it experienced 1 and 0.3 LRV after the solar 
photo-Fenton treatment. No regrowth was observed 24 h after the treatment, indeed microorganism concentrations 
were slightly reduced. According to EU 2020/741 regulation, validation of tertiary treatment technologies is 
performed considering the concentrations of the raw water entering the urban WWTP. Disinfection objectives are ≥ 
5 log-units, requiring complete disinfection when bacteria are not in sufficient quantity in raw wastewater to achieve 
the required log10 reduction. In this regard, the total inactivation levels achieved were > 5 LRV for E. coli and 2 log10-
units for C. Perfringens, in both seasons. However, validation is only required for the reclaimed water quality with the 
most stringent requirements (Class A). On the other hand, E. coli concentration in the photoreactor’s effluent was 
within the monitoring requirements for reclaimed water quality Class A (≤10 CFU/100 mL), and therefore, also for the 
water classes with fewer quality restrictions (B, C and D).
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Figure 2. E. Coli and C. perfringens concentrations in the WWTP influent (raw wastewater), WWTP secondary effluent,  
conditioning tank, RPR, and in the reactor’s effluent stored 24 h.

As for the microcontaminants, up to 69 compounds, mainly pharmaceuticals and pesticides, were detected in the 
WWTP secondary effluent with some differences depending on the sampling period, representing an average total 
load of 188 μg L-1, in winter, and 58 μg L-1, in summer. Figure 3 shows the variation in microcontaminant concentration 
for those found at > 5 µg L-1 in both seasons along with the removal rate. All the compounds were efficiently removed 
regardless of the liquid depth although their composition may vary with season of the year. Overall, regarding the 
removal rate, at the end of the treatment 88% and 85% of the total load of microcontaminants present in the raw 
secondary effluents were eliminated in winter and summer, respectively.

Figure 3. Concentrations (ng L-1) of the more abundant microcontaminants identified in the raw secondary effluent (SE) and in the 
final treated water (TW), and removal percentages.
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Under these conditions, treatment capacities of 80 m3 day-1, in winter, and 192 m3 day-1, in summer, and an unitary 
treatment cost of 0.33 € m−3 are estimated for 8 operating hours per day, 330 days per year. This cost, which is in the 
reported range for AOPs (Prieto-Rodríguez et al., 2013), is mainly affected by H2SO4 and H2O2 consumptions, 
representing 44% and 24% of the total value.

The promising results in terms of secondary effluent disinfection and decontamination highlight the technical and 
economic feasibility of the treatment for commercial application.
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INTRODUCTION

Membrane filtration technologies have two main limitations: membrane fouling and higher energy consumption. 
Most of the energy (30-50%) is destined to membrane air-scouring to prevent fouling (Dalmau et al., 2014). In order 
to reduce the energy consumption in real facilities, different aeration strategies, many of them subject to manual 
intervention, such as reducing the air-scour flow rate, intermittent aeration or cyclic aeration have been proposed. 
Monclús et al. (2015) developed an automatic air-scour flow control system for energy savings (SmartAirMBR®) 
based on membrane permeability (K) and binary logics. SmartAirMBR® combines as input data the long-term 
permeability (LTk) and short-term permeability (STk) and the slope ratio (SR) between LTk and STk.

Nowadays binary logic is widely replaced by fuzzy logic (Zadeh, 1965) which provides smoothest responses and 
simplify the control structure algorithms (Castillo et al., 2016; Galizia et al., 2021). Based on the SmartAirMBR®, this 
work presents the development, implementation and validation of an advanced control system based on fuzzy logic 
for the air-scour flowrate optimisation of one of the largest MBR full scale plants.

MATERIAL AND METHODS

This study has been developed in one of the largest flat-sheet MBRs in Europe (Sabadell Riu Sec WWTP) located in 
Catalonia, NE of Spain. The plant configuration is based on 2 MBR reactors, each one composed of 4 lines and 2 
levels (upper and bottom). The plant capacity is up to 36000 m3·day-1 with total membrane surface of 61440 m2 
operating at an average flux of 23 LMH. Each filtration line has a unique aeration flowrate per line for both levels. On 
the other hand, each level has its own permeate flowmeter and pressure transductor.

The improved SmartAirMBR® based on fuzzy logic (i.e. fuzzy control system, FCS) functioning is based on 3 input 
parameters to determine the membrane filtration status and propose an optimal air- scour flowrate. Two of these 
inputs are the permeability trends at long (a few weeks) and short (a few days) terms. According to SmartAirMBR® 
the long-term permeability (LTK) is defined as the slope of the membrane permeability in the last 14 days. Also, the 
short-term permeability (LTK) corresponds to the last 4 days. The third input for the FCS is defined as the current 
TMP of the membrane (TMP).

The development of the FCS was divided in 4 steps. First, the historical data analysis from the Riu Sec WWTP was 
used to evaluate and define the ranges of the LTK, STK, TMP and air-scour flowrate for each filtration line. Second 
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step was focused on the creation of the FCS inference engine and structure. Then, the simulation of the control 
system to test the response of the FCS was carried out.

Finally, the FCS validation in the full scale MBR was done operating the control system in closed loop mode.

RESULTS AND DISCUSSION

One year of historical data from 2 filtration lines was used to determine the operational conditions. TMP and air-scour 
flowrate can directly accessible through the existing WWTP SCADA system. Nevertheless, LTK, and STK have to be 
then calculated. All three inputs are divided in 4 fuzzy categories (Low, Medium, High and Very High), according to their 
histograms and boxplots distributions of historical data and combined for the FCS inference and structure (Table 1).

Table 1. Fuzzification of input and output variables in the FCS for air scour optimization.

Variable
Fuzzy category

Units
Low Medium High Very High

STK (4 days) –10 0 10 — LMH
bar · diaLTK (14 days) –5 0 5 —

TMPc –0.05 –0.1 –0.15 –0.2 bar

Air scour reduction potential High Medium Low Zero —

Air scour modification –8 –4 +3 +10 %

The simulation of the FCS was done using historical TMP, LTK and STK parameters. Results of the simulation estimated 
a potential 29% of energy savings per line in one year (Figure 1). On the other hand, preliminary results illustrated that 
additional supervisory rules and restrictions were necessary to guarantee a safer full-scale implementation (i.e. like 
minimum and maximum air flowrate and TMP alerts). The FCS is currently being validated in closed-loop mode. At the 
moment of writing this abstract, after 2 weeks of closed-loop operation, around 10% of energy savings have been 
already achieved, in spite of operational interruptions (¡Error! No se encuentra el origen de la referencia.).

Figure 1. FCS simulations: a) TMP evolution for both levels and proposed air-scour flow; b) FCS daily air modification (%).
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CONCLUSIONS

The improved SmartAirMBR® based on fuzzy logic seems to enhance the balance between energy demand and 
membrane fouling. Simulated estimations potential is higher than closed-loop responses of real operation due to the 
impact on membrane fouling. Moreover, the additional operational rules identified as necessary to minimize the 
fouling risk lowered the potential savings. Finally, the FCS parameters can be easily modifiable according the plant 
manager expertise and knowledge.
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In Europe, 138 million tonnes of municipal bio-waste are generated annually, 75% destined for incineration or landfill. 
However, these methods have a high carbon footprint, and most nutrients and resources are not recovered (Hülsen 
et al., 2014). On the other hand, a high percentage of waste has excellent potential as a raw material for high-value-
added products. For example, wastewater and solid organic waste contain valuable nutrients for use as raw material 
for many applications (O.Larriba et al., 2020; Almeida et al., 2021): water regeneration, fertilizers, bio-plastics, or source 
of poly-phosphate (Puyol et al., 2017). In this sense, the first step involves changing the Wastewater Treatment Plant 
(WWTP) concept to resource recovery plants. To achieve this, it is necessary to use biotechnology by employing 
microorganisms capable of promoting change. One proposal is purple phototrophic bacteria (PPB) due to their versatile 
metabolism, capable of assimilating nutrients, instead of dissipating them, from the environment and accumulating 
them into products of interest such as polyphosphate, polyhydroxyalkanoates, or fertilizers (Puyol et al., 2017).

These PPB have demonstrated, under anaerobic conditions, that they can achieve sufficient removal yields of 
organic matter, nitrogen, and phosphorus to achieve the values required for discharge in a single stage (Hülsen et al., 
2014). The main problem in treating domestic wastewater (DWW) with PPB is the low concentration of biodegradable 
carbon. In addition, the ratio between organic carbon and nutrients required for their growth (mainly nitrogen and 
phosphorus) is imbalanced with their physiological needs, and inorganic nutrients such as N and P are in excess, 
which makes it impossible to reach discharge values in DWW treatment as they are heterotrophic photo-assimilative 
organisms (Hülsen et al., 2014). This challenge can be solved by adding an extra supply of biodegradable organic 
matter.

The Deep Purple project (GA 837998, https://deep-purple.eu/) looks for a new vision for the co-valorization of 
municipal waste. It combines consolidated technologies, such as thermal hydrolysis of the organic fraction 
of municipal solid waste (OFMSW) to obtain a biodegradable liquid stream, and emerging technologies, such as 
anaerobic photobioreactors based on purple phototrophic bacteria. There are two important points to work on:

• To comply with the discharge values in WWTPs. With this premise, the European Union has the Directive 
2018/851 for managing urban waste, encouraging the prudent, efficient and rational use of natural resour-
ces, promoting the principles of the circular economy, improving the use of renewable energy, and increa-
sing energy efficiency. Currently, Spain has published R.D. 646/2020 regulating the disposal of waste by 
landfill.
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• To determine the optimal ratio of these two urban wastes for their co-treatment at the laboratory level to 
scale it up in a pilot plant. In this way, it is possible to improve the process in the WWTP by generating 
high-added-value products such as biopolymers, in this case, polyhydroxyalkanoate (PHA), used in industry 
as a bioplastic.

This work proposes using the OFMSW as a source for obtaining the organic matter needed to comply with the 
discharge limits. This strategy requires the prior solubilization of the organic matter, which is approached through 
the thermal hydrolysis process with a steam explosion. The combination of the liquid effluent derived from this 
process with the domestic wastewater allows for a mixture with a balanced nutrient ratio for its complete and 
simultaneous assimilation (Alloul et al., 2021). Thus, the discharge values established by Spanish legislation for 
wastewater treatment plants can be achieved by combining both urban wastes and obtaining high-value products 
extracted directly from the PPB.

We have demonstrated that the PPB can assimilate COD:N:P from DWW to discharge values, operating at a COD:N:P 
ratio of 100:5:1 and in a single stage, using 2L CSTR reactors in microaerophilic conditions, which simulated a 
photobioreactor at a pilot-scale operated outdoors. In addition, the mixed phototrophic culture was enriched to 
almost 60% of PPB. Removal efficiencies of 85% of soluble COD (SCOD), 46% of N, and 64% of P were achieved 
under microaerophilic conditions, maintaining the redox potential at -250 mV to favor PPB growth (Cerruti et al., 
2020) (Figure 1, left). These values are auspicious for the scale-up of co-treatment of DWW and the liquid fraction of 
the OFMSW hydrolysate, obtaining an effluent within the limits of discharge regulations (COD<125ppm, N<15ppm, 
and P<2ppm). When the reactors were operated as MBR, thus separating the HRT from the SRT by consistently 
applying an SRT in a value 3-fold the HRT (as shown in Figure 1, right), the efficiencies were somehow similar. Still, 
the proportion of PPBs dramatically decreased in the microbial community, indicating the prevalence of anaerobic 
fermenters and oxidative bacteria. This change decreased the N removal and recovery potential, as chemotrophic 
bacteria have a lower COD/N assimilation ratio than PPB.

Figure 1. The averages of SCOD, N and P of the influent (scratching columns) and reactor output (filled columns). On the left is 
the CSTR, and on the right is the MBR. On the y-axes are circled the maximum discharge values established by european law. The 
HRT, SRT and COD:N:P inlet ratios of the different stages are described in the upper part of the graphs. Values are expressed with 

C.I. at 95%.

Next, we evaluate the capacity of the MBR system to maximize the accumulation of high-value- added compounds 
such as PHA by increasing the OLR with MBR reactors. Our most recent data indicates that, in unfavorable conditions 
for PHA accumulation (according to literature), the system reached almost 12% PHA by co-treating real urban 
effluents with an HRT of 2 days and an SRT of 6 days, and an OLR of around 0.5 gCOD/L*d (Table 1)
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Table 1. Average PHA production, removal efficiencies, and organic loading rates in an MBR operated under microaerophilic 
conditions. Values are expressed with 95% C.I.

Removal efficiencies (%)
PHA content (%) OLR

(gCOD/L*d)SCOD N P

51.8 ± 3.6 95.1 ± 7 75.4 ± 3 11.2 ± 1.7 0.43 ± 0.04

We are currently working to improve the PHA production by tuning the operating conditions based on our recent 
advances (Allegue et al., 2022) by increasing the OLR and varying the hydraulic and cell retention times (HRT and 
SRT, respectively). Our goal is to reach values close to 35-40% PHA on a dried cell basis, allowing the technology to 
be commercially available on a larger scale.
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ABSTRACT

En la actualidad se habla del Agua 4.0 y su conectividad digital. Sin embargo, vivimos en un mundo en el que es 
mayoritaria el Agua 0.0: nos encontramos ante una Crisis Global del Agua.

En pleno siglo XXI, 1 de cada 4 personas en el mundo no dispone de un acceso a agua segura y casi la mitad de la 
población mundial carece de acceso seguro al saneamiento, de las cuales, cerca de 500 millones practica la 
defecación al aire libre por no disponer tan siquiera de una instalación básica.

Para solventar esta situación es preciso trabajar en este sector desde una perspectiva de los derechos humanos al 
agua y al saneamiento, reconocidos por Naciones Unidas.

Los profesionales del sector del agua deben conocer el contenido de estos derechos, sus responsabilidades y 
emplear las herramientas más eficaces para incorporar en su labor profesional una perspectiva de derechos 
humanos, siendo así parte de la solución para alcanzar las metas de agua y saneamiento de la Agenda 2030.

INTRODUCCIÓN

En 2020, alrededor de una de cada cuatro personas carecía de una fuente de agua potable gestionada de forma 
segura en su hogar y casi la mitad de la población mundial no tenía acceso a servicios de saneamiento gestionados 
de manera segura. Además, la pandemia de la COVID-19 ha puesto en escena la importancia de la higiene. Según el 
informe del Programa Conjunto de Monitoreo de la OMS y UNICEF Progress on household drinking water, sanitation 
and hygiene 2000-2020 (en adelante, JMP por sus siglas en inglés), tres de cada 10 personas en el mundo no podían 
lavarse las manos con agua y jabón en sus hogares.

Las inversiones en agua, saneamiento e higiene deben ser una prioridad, por ello identificar los casos en los que se 
vulneran estos derechos es fundamental para encontrar la forma y los medios de prevenirlos y subsanarlos, 
ayudando a los Estados y los actores que intervienen en su labor de garantizar estos derechos, y empoderar a los 
grupos vulnerables objeto de estas violaciones para que dispongan de los recursos que les permitan poner fin a 
estas situaciones, donde la participación efectiva de todas las personas juega un papel decisivo. En este sentido, 
cabe valorarse que el Estado no es el único actor relevante; la ciudadanía en general, así como ONG y otros actores 
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desempeñan una función muy importante para la promoción y defensa de los Derechos Humanos al Agua y 
Saneamiento (DHAS).

Así, ONGAWA viene trabajando en la sensibilización de los profesionales del sector respecto a los DHAS, en la 
perspectiva de una situación que afecta a la mayor parte de la población mundial, poniendo en relieve la asincronía 
y realidad antagónica de la actual propuesta científico-tecnológica del Agua 4.0 y su conectividad digital frente a una 
situación que podríamos llamar Agua 0.0, en la que muchas personas en el mundo no disponen siquiera de las 
condiciones de acceso más básicas. El objetivo del presente trabajo es avanzar en el conocimiento de los DHAS 
para su puesta en práctica y asegurarse de que los y las profesionales del sector del agua y de la cooperación al 
desarrollo conozcan el contenido en estos derechos, sus responsabilidades y empleen las herramientas más 
eficaces para incorporar en su labor profesional una perspectiva de derechos humanos.

MATERIALES Y MÉTODOS

Para llevar a cabo estos objetivos, ONGAWA realizó en 2021 un proceso formativo consistente en un webinar de 
introducción a los DHAS y un curso online de 5 semanas de duración, combinando contenidos teóricos y prácticos 
de modo que los y las participantes tuviesen oportunidad de profundizar en las causas y consecuencias de la 
vulneración de los DHAS y demostraran su compromiso elaborando propuestas de mejora consistente en la 
identificación de casos de vulneración de los DHAS que impiden su garantía plena, cuya vulneración está relacionada 
con los criterios de los DHAS y/o principios transversales de los derechos humanos. Cada caso estuvo compuesto 
de una contextualización de la situación identificada, seguida de la explicación del caso de vulneración y su análisis 
en relación al contenido normativo de los DHAS (categorías y/o principios), resaltando sus causas y consecuencias 
para personas o colectivos afectados y, por último, las posibles soluciones que pudieran darse a los casos de 
vulneración, haciendo referencia al marco legal o normativo, políticas públicas o ejecución de proyectos, entre otras 
medidas. Como resultado, presentamos las vulneraciones de los derechos humanos al agua y al saneamiento 
desde el análisis de casos reales.

RESULTADOS Y DISCUSIÓN

Según el informe del JMP, entre 2016 y 2020, el porcentaje de la población mundial que disponía de una fuente de 
agua potable segura se incrementó desde el 70% al 74%; los servicios de saneamiento gestionados de manera 
segura se incrementaron de un 47% a un 54%; y las instalaciones para lavarse las manos con agua y jabón aumentaron 
de un 67% a un 71%. En 2020, por primera vez, más personas utilizaron servicios de saneamiento mejorados sobre 
el terreno (entre otros, con letrinas de pozo y tanques sépticos) que conexiones de alcantarillado. Sin embargo, urge 
que los gobiernos garanticen su sostenibilidad y servicios de potabilización e higiene, ya que, si se mantienen las 
tendencias actuales, miles de millones de niños y familias se quedarán sin estos servicios esenciales. En 2030, 
según las tendencias actuales, únicamente el 81% de la población mundial tendrá acceso a agua potable en su 
hogar, que no podrán disfrutar 1.600 millones de personas; el 67% dispondrá de servicios de saneamiento adecuados, 
a diferencia de 2.800 millones de personas que no los tendrán; y el 78% contará con instalaciones básicas para 
lavarse las manos, con 1.900 millones de personas que no contarán con ellas.

Como ejemplo de esta realidad, la Tabla 1 presenta diferentes casos de vulneración de los DHAS. Algunas 
vulneraciones frecuentes tienen que ver con el acceso y la disponibilidad de los servicios de agua y saneamiento, 
que implica el derecho de cada persona a disponer de un acceso continuo y suficiente de agua para los usos 
personales y domésticos. La calidad y la seguridad también son categorías de los DHAS habitualmente vulneradas, 
ya sea por el uso de un agua contaminada y que por ende constituye una amenaza para la salud, o bien la existencia 
de instalaciones de saneamiento que no son seguras y que ponen en riesgo la integridad de las personas. En 
ocasiones, esto se relaciona con el criterio de la aceptabilidad, que implica que tanto las instalaciones en sí mismas 
como el color, el sabor y el olor del agua sean aceptables para su uso y que las instalaciones de saneamiento 
garanticen la privacidad y sean aceptables tanto social como culturalmente. Por último, el principio de igualdad y no 
discriminación también ha estado presente en varios de los casos identificados, muchas veces en relación a la 

Congreso YWP SPAIN, 2022. Valencia

barraquete
Nuevo sello



Agua 0.0: Vulneraciones de los derechos humanos al agua y al saneamiento. Aprendiendo desde el análisis de casos reales    69

igualdad de género, pues es bien sabido que en muchos lugares las mujeres y las niñas son las encargadas de las 
tareas del agua en el hogar, lo cual incide de forma directa en su desarrollo personal. A modo ilustrativo, la Figura 1a 
muestra un caso analizado de un asentamiento informal de gente desplazada por la violencia y en riesgo de 
exclusión debido a la ausencia de sistemas de potabilización, saneamiento e higiene. ONGAWA, propone un 
protocolo de mejora y avance para alcanzar los DHA (Figura 1b) consistente en la incorporación de marcos 
normativos; mejora de la gobernanza; accesibilidad universal; empleo de tecnologías adaptadas, gestión sostenible 
del servicio e intervenciones apropiadas y contextualizadas; sistemas de información y medición del progreso; 
cambio de hábitos y sistemas de financiación eficaz.

Tabla 1. Casos de vulneración presentados para su análisis (Fuente: ONGAWA).
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Figura 1. a) Ejemplo ilustrativo de un caso de estudio e b) infografía propuesta para el avance en materia de DHAS.  
Fuente: ONGAWA.

CONCLUSIONES

Los avances en los DHAS son innegables; sin embargo, tal y como se ha observado, los casos de su vulneración no 
son hechos aislados de países empobrecidos; en cualquier parte del mundo se pueden encontrar casos de 
violaciones más o menos frecuentes que afectan a la vida e integridad de las personas más vulnerables de varias 
formas. Esta realidad confronta directamente con las nuevas tecnologías Agua 4.0 (automatización, gemelos 
digitales, big data, tecnologías avanzadas de tratamiento...) poniendo en evidencia que la situación Agua 0.0, en la 
que muchas personas en el mundo no tienen acceso a agua y saneamiento de forma segura, lamentablemente es 
una situación muy extendida, inaceptable desde una perspectiva de derechos humanos. Por ello, independientemente 
de la obligación del Estado de respetar, proteger y cumplir los DHAS, no debemos olvidar el papel de los actores no 
estatales, quienes también tienen sus responsabilidades en relación a los derechos humanos y ante cuyas acciones 
la población tiene el derecho de exigir en caso de que exista algún tipo de vulneración.
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ABSTRACT

FentonSims® is a novel registered simulation software developed to understand and analyze the solar photo-Fenton 
process applied to the removal of microcontaminants contained in wastewater treatment plant secondary effluents. 
The tool allows to simulate the process at both acidic and neutral pH. To this aim, three kinetic models have been 
included: one for acidic pH operation (with FeSO4) and two for neutral pH, depending on the iron source considered 
(Fe3+-NTA or Fe3+-EDDS). On this way, FentonSims® offers a user-friendly, interactive and simple graphical user 
interface that allows to simulate the operation of a raceway pond reactor under different environmental conditions 
(radiation and water temperature) and levels of wastewater pollution. The user can select the operating conditions 
(hydraulic residence time and inlet reagent concentrations), the operating mode (batch or continuous flow) and the 
reactor size (surface area and liquid depth).

INTRODUCTION

The main challenge of tertiary treatment based on advanced oxidation processes (AOPs) is to develop robust, 
efficient and cost-effective technologies, facilitating their implementation in wastewater treatment plants (WWTPs). 
For this purpose, solar photo-Fenton operated in raceway pond reactors (RPRs) is well suited due to high 
micropollutant removal efficiencies are achieved with low investment and operating costs. Solar photo-Fenton 
kinetics, micropollutant removal and operating costs have been studied in detail using RPRs in previous works; both 
in batch and continuous flow mode. It has been proven that the process is feasible from a physical, operational and 
economic perspective. Moreover, the photo-Fenton process applied to urban WWTP secondary effluents 
decontamination has been modelled by means of semi-empirical kinetic models at both acidic and neutral pH. 
These models have been successfully validated using actual WWTP secondary effluents, achieving high accuracy in 
the process estimation. Based on these models, an interactive user-friendly and simple simulation tool (FentonSims®) 
has been developed to ease the mechanistic understanding and comparison of the different kinetic models 
incorporated.
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METHODS

FentonSims® has been developed using MATLAB® App Designer (R2021.b), which is an interactive development 
environment for designing app layouts and programming its behavior run by MATLAB® program, created by 
MathWorks®. FentonSims® includes three kinetic models developed and validated in actual WWTP secondary 
effluents at the Solar Energy Research Center (CIESOL), located at the University of Almeria (Spain). One of them is 
used for simulating the operation at acidic pH (Sánchez-Pérez et al., 2020) and the two others are used for simulating 
neutral pH conditions, depending on the iron source considered (Fe3+-NTA or Fe3+-EDDS) (Soriano-Molina et al., 
2018). The user selects the operating pH (acidic or neutral) and mode (batch or continuous flow). Moreover, the 
software offers the possibility of simulating the process at both operating pH, easing the comparison of the three 
kinetic models. User-defined parameters are water contamination level (low, medium or high), environmental 
conditions (radiation and water temperature), reactor size (liquid depth and surface area) and operating conditions 
(hydraulic residence time and reagent concentrations). The radiation profile can be introduced as a constant value 
specified by the user or it can be internally generated by setting the date, the local start-end time, the time zone and 
the geo- location coordinates of the simulated photo-reactor. Once that all the user-defined parameters have been 
introduced, the simulation is started by clicking the “Run” button shown on the top of the graphical user interface 
(GUI). On the right side of the GUI (“Results”) different instantaneous profiles of interest are plotted for radiation, 
reagents and microcontaminants. Notice that microcontaminants concentration is calculated as the sum of the 
tracking contaminants considered (Gabapentin, Venlafaxine and Tramadol), which were selected due to its common 
detection in WWTP secondary effluents. FentonSims® is available free of charge on CIESOL institutional website 
(https://ciesol.com/software/) for both MATLAB® and Windows® version.

RESULTS AND DISCUSSION

For a better understanding of how the solar photo-Fenton simulator works, an example of simulation is shown in 
Figures 1 and 2. In this case, simulations were performed for the continuous flow operation of a 10-cm deep RPR at 

Figure 1. Main GUI of the software FentonSims®.
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60 min of hydraulic residence time. For the three kinetic models, reagent concentrations were fixed at 0.1 and 1.47 
mM of iron and hydrogen peroxide, respectively. The water temperature was set at 25 ºC while the radiation profile 
was internally generated by introducing the date (15 August, 2021), the start-end local time (a complete 24 h · day-1 
operation, starting at 12:00 am), the time zone (UTC+2) and the geo-location coordinates (University of Almeria). At 
the bottom of the GUI, some common calculations of interest are provided, such as the water treatment capacity of 
the plant and the microcontaminant removal capacity achieved. Notice that this simulation tool can be easily 
extrapolated to other microcontaminants and types of effluents just tuning the kinetic parameters, which makes 
FentonSims® a valuable simulation software for designing and optimizing the solar photo-Fenton process.

Figure 2. Simulation example.
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CONCLUSIONS

The simulation tool makes it possible to analyse a wide range of operating scenarios, providing the necessary basis 
for designing and optimising the process in order to upgrade its competitiveness versus conventional technology. 
For this reason, FentonSims® is a valuable tool for Master and PhD students interested in the applicability of the 
photo-Fenton process. Furthermore, its ease and flexibility to be adapted to others microcontaminants or effluents 
makes it potentially suitable for companies interested in the design of RPRs for the tertiary treatment of WWTP 
secondary effluents.
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INTRODUCTION

Nowadays, increasing quantities of waste activated sludge (WAS) are produced in wastewater treatment plants 
(WWTPs). In this sense, approximately 7 million tons of WAS (on a dry basis) were generated in the Europe Union in 
2018 (Eurostat, 2021). Traditionally, different treatments have been employed for WAS valorization, including 
anaerobic digestion, incineration, and composting (Malool et al., 2022). Nevertheless, to make its management 
more sustainable, new strategies are required to be evaluated. Therefore, WAS can be used as a renewable source 
to produce industrial biocomposites of interest. To accomplish this, firstly, it is necessary to break their cell structures 
in order to release both extracellular polymeric substances and intracellular compounds. Thermal hydrolysis (TH) is 
a promising treatment in this regard, since it not only enhances WAS management, but also allows for the biomolecule 
extraction. Nevertheless, severe conditions are needed to achieve significant solubilization, thus entailing high 
energy consumption. Therefore, other techniques should be analyzed to soften these conditions (Harris and McCabe, 
2015). In this regard, the ultrasound (US) process is a suitable technique for the disintegration of the WAS flocs in 
short time periods, due to shear forces generated, which promote the release of biopolymers to the liquid medium 
(Xiao and Zhou, 2020). Hence, the aim of this study was to evaluate the effect of TH and US separately and coupled 
to obtain biomolecules of industrial interest: proteins, humic acids, and carbohydrates.

MATERIALS AND METHODS

Regarding US experiments, the WAS was sonicated between 10 and 40 min at different US intensities (between 11.8 
W/cm2 and 18.5 W/cm2) at 400 rpm and in an ice bath to keep temperature constant. For TH tests, 1 L capacity 
reactor was used, which was filled at 70% capacity to ensure safe conditions. A stream of nitrogen was used to raise 
20 bar pressure, which was preconditioned in a humidifier. Moderate to low temperatures in the range 110°C-130°C 
were used.

For protein and humic acid quantification, the modified Lowry method was employed, using bovine serum albumin 
and humic acids as standards, respectively (Lowry et al., 1951). Dubois method was used for carbohydrates 
measurement, using L-glucose as a standard (DuBois et al., 1956). Total suspended solids and volatile suspended 
solids (VSS) measurements were carried out according to Standard Methods (APHA, 2012). Size exclusion 
chromatography (SEC) was used to determine the molecular size in WAS biopolymers, using a Thermo Scientific™ 
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BioBasic™ SEC 300 column (4.6 mm × 300 mm). A protein mix standard of 15-600 kDa (Sigma-Aldrich, 69385) was 
used for column calibration.

RESULTS AND DISCUSSION

Effect of US treatment

Figure 1a shows the evolution of biomolecule concentration obtained using only US process. It was found that the 
higher the intensity the greater the release of biomolecules achieving values of 181 mg/gSSVo, 91.1 mg/gSSVo, and 
57.9 mg/gSSVo for proteins, humic acids, and carbohydrates, respectively, at 18.5 W/cm2 for 40 min. Time can be 
considered effective up to 30 min, since from this value on little differences were observed in biomolecule 
concentration. In this sense, the maximum time for US treatment can be set for 60 min, since WAS flocs no longer 
disintegrates after that time (Chu, 2001).

Figure 1. Evolution of biomolecule concentration for a) US treatment b) TH treatment and c) advanced treatment US and TH. 
Proteins (blue), humic acids (orange) and carbohydrates (yellow). Dotted black line indicated the transition from US to TH.

Effect of TH treatment

The change in the concentration of biomolecules after TH treatment at different temperatures was shown in Figure 
1b. It should be noted that proteins were the biomolecules solubilized to a greater extent regardless of the temperature 
used. Thus, the highest value (212 mg/gSSVo) was obtained at 130 ºC for 360 min. The effect of temperature was 
more significant in the case of humic acids. In this sense, a value of 123 mg/gSSVo was obtained at 130 ºC for 600 
min, while at the same time and at 110 ºC, only 100 mg/gSSVo were achieved.
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Effect of advanced treatment US and TH

A sonication intensity of 18.5 W/cm2 for 30 min were selected as the suitable US conditions for the coupled treatment 
with TH. It was found that the use of US process significantly enhanced the TH one, as can be seen in Figure 1c. 
Thus, the advanced TH treatment resulted in increases in the concentration of proteins, humic acids, and 
carbohydrates around 35%, 36%, and 56%, respectively, in comparison to the TH treatment alone.

Size distribution of biomolecules

WAS fingerprints for TH treatment alone at temperatures from 110 ºC to 130 ºC, are shown in Figures 2 a, c, and e. 
The results indicated a greater presence of large and medium size molecules when using lower temperatures. In the 
case of the small size molecules, their presence was more significant at 130°C, slightly decreasing their value from 
60 min onwards. This tendency may be due to the degradation of certain compounds due to the long times used in 
the treatment. Finally, there is an important presence of hydrophobic compounds, which interact with the column 
packing. These hydrophobic interactions in WAS compounds are probably mediated primarily by proteins found in 
bacteria, such as fimbriae (Urbain et al., 1993). The fingerprint trend is similar for the advanced TH experiments at 
different temperatures (Figures 2 b, d, and f). Nevertheless, high and medium size particles attained lower values 
after sonication (dotted line), reducing their value by 25% and 44%, respectively. This can be explained considering 
that, when applying high US intensities, shear forces can break these molecules very abruptly.

Figure 2. Size distribution of the biomolecules: >150 kDa (blue), 15-150 kDa (orange), <150 kDa (yellow) and hydrophobic 
compounds (green) for TH treatment: a) 110°C, c) 120°C and e) 130 ºC and for advanced treatment US and TH: b) 110°C, d) 120°C 

and f) 130°C. Dotted black line indicated the transition from US to TH.
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CONCLUSIONS

The use of either US or TH alone, solubilize the biomolecules (proteins, humic acids and carbohydrates) contained 
in the WAS moderately. It was found a synergistic effect of US in the coupled treatment with TH, the improvement 
being higher than 30% in biomolecule yields. Finally, when the combined treatment was used, the size distribution 
(fingerprints) of the biomolecules was affected, showing 75% and 57% decrease for large (>150 kDa) and medium 
(15-150 kDa) sized compounds, respectively.
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ABSTRACT

The influence factors on the distribution of phytoplankton, both spatial (environmental, trophic and saprobic 
variables) and seasonal (impact of drought) have been studied in small rivers of the Duero and Tajo basin. The aim 
of this study is to analyze the impact of the different stressors associated with the change in phytoplanktonic 
communities in small rivers in the center of the Iberian Peninsula (Southwestern Europe).

INTRODUCTION

The Water Framework Directive (WFD, EC, 2000) states that the “good” ecological status of natural water bodies 
must be based on the chemical, hydromorphological and biological characteristics, compared to the reference 
conditions (Feio et al., 2014). To comply with the protection of surface water established in the Water Framework 
Directive, it is necessary to monitor the ecological and chemical status of water quality, especially under drastic 
conditions of floods or droughts due to the greater epidemiological risk that occur during these periods.

Phytoplankton is one of the five groups suggested for the assessment of the ecological status of surface waters 
under the Water Framework Directive. Phytoplankton is considered a good environmental bioindicator, since it 
presents temporary patterns related to environmental changes and the processes that act on this community 
operate on a reduced time scale, so phytoplankton is an important ecological tool to obtain answers to short term 
(Reynolds, 2002; Wetzel 2001). In addition, spatio-temporal variability in the structure of phytoplankton communities 
plays an important role in the structure and function of aquatic ecosystems (Brett and Goldman 1996).

There are multiple factors that affect the phytoplankton population, among these are the main nutrients (nitrogen, 
carbon and phosphorus) (Conley et al., 2009), environmental conditions, hydrodynamics and hydromorphology of 
rivers (Hallegraeff 1993) and biotic conditions (competition, predators, etc.) (Hutchinson, 1961). Phytoplankton 
depend on environmental and climatic conditions such as light intensity and temperature, since they influence over 
the speed of photosynthetic processes (Sand-Jensen and Borum 1991; Béchet 2013) or the level of the superficial 
water surface, since a low flow velocity and a decrease in the level of water in rivers produces an increase in 
phytoplankton (Vis et al., 2007).

The objective of this study is to analyze the impact of the different stressors associated with the change in 
phytoplanktonic communities in small rivers in the center of the Iberian Peninsula. A statistical study of the 
identification of the limiting role of nutrients in the growth of phytoplankton and its seasonal variation was carried 
out. As well as its influence with respect to other environmental and morphological variables in the different sampling 
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points and seasonal periods studied. A better knowledge of the limiting factors in the growth of phytoplankton will 
allow watershed managers to improve the quality of the sites and prevent risks to the population.

MATERIALS AND METHODS

The study area for the determination of superficial water quality is located in the province of Salamanca (Western 
Spain). This province covers an area of 12 340 km2 and forms the South- Western part of the River Duero basin, 
which is the most important aquifer system of the Iberian Peninsula. The climate of the region is continental, with 
considerable seasonal fluctuations in temperature (the difference in mean temperature between the hottest and 
coldest days is almost 20 ºC) and low humidity. Precipitation is low (mean annual rainfall 380 mm), highly irregular 
and usually absent in July and August, and, hence, during the dry season the hydric balance is clearly negative. This 
Salamanca province has 3 river basins (Figure 1), two belonging to the Duero river (Tormes and Águeda river basins) 
and one river basin belonging to Tajo river (Alagón river basin). The Tormes river basin is not contemplated because 
it has been previously studied in depth by the authors (García-Prieto et al., 2012).

The 22 parameters were measured at 33 sampling points (Figure 1: red points). They were selected to evaluate the 
evolution of the quality of water of the Agueda and Huebra rivers (Agueda river basin) and Alagón river (Alagón river 
basin) upstream and downstream of municipal wastewater discharges (Figure 1: black points) to consider the 
influence of these discharges on water quality. The study has been carried out during the years 2015 and 2017. 
Furthermore, within the years studied, 2 seasonal periods have been investigated, the first study period corresponds 
to the 2014-2015 hydrological year, been considered as a wet hydrological year. The second period corresponding to 
the year 2017 (hydrological years 2016-2017 and 2017-2018) registered a rainfall much lower than normal, having 
been considered as very dry period.

Figure 1
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RESULTS

The importance of ecological variables, mainly phytoplankton, the correlations between phytoplankton and the 
physicochemical and environmental variables on which it depends were analysed as environmental indices 
(phytoplankton-temperature), trophic indices (phytoplankton-total nitrogen correlation and phytoplankton-phosphate 
correlation), saprobic indices (phytoplankton- dissolved oxygen and phytoplankton-organic matter correlation), as 
well as biotic indices (phytoplankton-bacteria correlation) (Figure 2). The observed correlations seem to corroborate 
that phytoplankton species respond to both environmental and physicochemical changes in the rivers studied, 
depending mainly on the seasonal period and therefore environmental and hydrological variables (flow and 
temperature) predominate over the rest of the variables.

Figure 2

Multivariate cluster analysis revealed that physico-chemical variables are generally grouped by the level of pollution 
along the studied river stretches, while ecological variables do not follow this pattern, which seems to indicate that 
ecological variables depend more on other factors than physico- chemical water parameters, such as 
hydromorphological conditions of the river (width, flow) and environmental conditions (Figure 3).
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Figure 3

The study carried out with the multivariate Biplot methodology, which allows the relationships between variables and 
sampling points to be represented in a single graph, has revealed results common to the three rivers studied in the 
relationships of the different variables with regard to the four taxonomic classes of algae studied.
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INTRODUCTION

Access to fresh water is being affected by climate change worldwide, and Hong Kong is of no exception as the 
territory does not have natural lakes, large rivers or underground water reserve. Only about 20% to 30% of fresh water 
supply (FWS) in Hong Kong comes from yield collected in local catchments with the remaining from raw water 
imported from Dongjiang, Guangdong Province, China. The Hong Kong, the Water Supplies Department (WSD) 
promulgated the Total Water Management Strategy (the Strategy) in 2008 and planned a seawater desalination plant 
at Tseung Kwan O to diversify and build resilience for fresh water supply.

The TKO Desalination Plant is planned to be developed in two stages. Located at TKO Area 137, adjacent to the Clear 
Water Bay Country Park, the first stage of the desalination plant will provide 135,000 m3 per day of fresh water, and 
with the provision to be expanded to an ultimate capacity up to 270,000 m3 per day.

DESIGN AND CONSTRUCTION OF THE PLANT

Intake and outfall

A submerged open intake system has been selected with the objective to obtain the best seawater quality possible 
and to minimize potential environmental impacts. The outfall structure includes a submerged pipe and diffusers. 
The diffusers are designed to limit the increase of salinity by 10% maximum to minimize the impact to marine 
ecologies and fisheries.

Pre-treatment

The seawater is screened using travelling band screens and coagulated with ferric chloride before reaching the 
ActiDAFF©, which is the selected pretreatment system of the plant. It is a combined dissolved air flotation and 
filtration (DAFF) unit. The flotation section is located on top of the filtration, reducing the footprint of the Plant, and 
will be operated only when needed during the occurrence of algae blooms. The filtration section is a multimedia 
gravity filter with sand and anthracite.

Reverse Osmosis

Congreso YWP SPAIN, 2022. Valencia
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The seawater salinity variation from 40,300 mg/L to 29,700 mg/L presents a big challenge in the design of the plant. 
To overcome it, the design has adopted variable speed drives (VSDs) for the filtered water pumps and a pressure 
center configuration, with fixed speed for the high pressure (HP) pumps. This configuration will provide the required 
pressure in the RO without loss of efficiency at lower salinities.

The RO system is composed of two-pass RO racks. The first pass RO has 8 racks and the second pass composes of 
4 racks with two stages. Energy recovery will be accomplished by pressure exchangers in the first pass and an 
energy recovery turbine in the second pass that will generate electricity using the residual pressure of the second 
pass reject.

Post-treatment & Disinfection

Permeate water from the RO will be re-mineralised by dosing lime and carbon dioxide. The product water will comply 
with the Hong Kong Drinking Water Standards (HKDWS) and the contract requirements, as indicated below in Table 1.

Table 1. Drinking Water Quality.

Parameter Target

pH 8.2 – 8.8

Total Dissolved Solids (TDS) ≤ 250 mg/L

Total Alkalinity as CaCO3 ≥ 40 mg/L

Boron* ≤ 1 mg/

Bromide ≤ 0.2 mg/L

Hardness as CaCO3 ≥ 40 mg/L

Langelier Saturation Index (LSI) ≥ 0

Turbidity ≤ 1 NTU

* This parameter is included in HKDWS with a standard of ≤ 2.4 mg/L

The disinfection will be done by the on-demand production of chlorine gas by the On Site Chlorine generation (OSCG) 
for disinfection plant. The chlorine gas will immediately be dosed directly into the product water. This will mitigate 
the many safety risks associated with conventional liquefied chlorine storage facilities for chlorine gas dosing.

Sludge management

The process backwash water, the lime saturator sludge and the sludge generated in the dissolved air flotation are 
treated to produce dewatered sludge for disposal to offsite landfill. The backwash water is first thickened in a gravity 
thickener. The thickened sludge is combined with the sludge from the flotation process and sent to the filter press, 
designed to achieve 30% solids content.

SUSTAINABLE CONSTRUCTION

Reducing the impact on the environment is one of the main goals and it is aimed not only by means of efficient 
design for operation but also through Design for Manufacture and Assembly (DfMA). It is fostered by the Construction 
2.0 policy advocated by the Hong Kong Special Administrative Region (HKSAR) Government This is a concept that 
changes from a construction centric mindset to a manufacturing centric mindset. It is a method of construction 
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which considers construction being designed for manufacturing off-site in a controlled environment, with a high 
degree of quality control, before being assembled on-site with much less work required.

This approach reduces the waste and debris generation during the construction stage and the vehicle movements 
transporting materials to site. Some of the DfMA works are:

• RO racks and ERD skids.

• Chemical dosing skids and tanks.

• On-Site Chlorine Generation (OSCG) skids.

• Lime silos and saturators.

• Plant buildings’ facade and precast external wall panels.

• Open channels segments.

Productivity is enhanced combining different DfMA elements from different disciplines. As an example, the off-site- 
manufacturing for precast external wall panels was done simultaneously with the RO racks off-site manufacturing 
during the construction of the superstructure works of the RO building. The target was to move and installed into 
position the RO racks (see Figure 1) once the RO building structure was completed, at this same time, installation of 
wall panels can also be started.

The wall panels installation and RO racks installation/assembly works overlap in time, the overall construction 
period is shortened by about 3 months.

Figure 1. Pre-assembled RO racks delivery to site

RENEWABLE ENERGY

1.800 photovoltaic (PV) panels will be installed on the rooftops taking advantage of the area available (See Figure 2). 
They will be able to generate more than 800 kW of power, equivalent to 16% of the total energy consumption for 
building services of the Plant. The excess electricity generated by solar panels (at off-peak hours) will be fed back to 
the electricity grid connection.

Congreso YWP SPAIN, 2022. Valencia
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Figure 2. Illustration of TKO Desalination Plant rooftop solar panels.

CONCLUSIONS

Currently the First Stage of TKO Desalination Plant is at the construction stage and poised for commissioning in 
2023 overcoming the local site constraints and the challeges derivated from the COVID pandemic, and the worldwide 
current transportation challenges. The plant is designed to produce 135,000 m3 of product water per day complying 
with the water quality standards specified by WSD and focused on energy efficiency, environmentally friendly 
operation, and sustainable construction through the DfMA adoption. This increases productivity, requiring less time 
for completion and less manpower, and provides safer and healthier working environment.

The plant follows the objective of the WSD’s Strategy 2019 and provides an alternative source of fresh water supply 
not susceptible to climate change effects and extreme weather events.
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INTRODUCTION

The development of a nation must balance environmental and economic (industrial) aspects. In fact, from the 
equilibrium between these two features it is possible to provide quality of life to its inhabitants. Colombia, on the one 
hand, has an important water supply of ca. 2130 m3/s. However, its responsible use should be encouraged (IDEAM, 
2018). On the other hand, its textile industry represents ca. 5% of its national gross domestic product (DANE, 2021). 
This sector includes ca. 450 textile factories and 10000 clothing factories, located mainly in Antioquia, Cundinamarca, 
the coffee region and Valle del Cauca (DANE, 2020).

It is not possible to hide the negative impact that textile wastewater generates on the environment and human 
health. Its high content of dyes is one of the main causes of contamination of aquatic ecosystems. They inhibit 
reoxygenation and promote eutrophication of water systems. A large proportion of the dyes used in the textile 
industry are of the azoic type; that is, they include in their structure the bond (−N = N−) which gives them toxic, 
carcinogenic, mutagenic, teratogenic, genotoxic and recalcitrant qualities.

Among azo dyes, acid black 194 (AB-194, CAS No. 61931-02-0) is one of the most widely used industrially. Wastewater 
samples containing AB-194 dye show high values of Chemical Oxygen Demand (COD) and dye concentration. Thus, 
considering the legal (MADS, 2015) and, above all, social (Moran, 2022) responsibility, the development of environmentally 
friendly and economically viable textile wastewater treatment methods has become a worldwide priority.

In this work, the performance of slaked lime-assisted Coagulation-Floculation (CF-slaked lime) was optimized as a 
primary treatment for the removal of dye and organic matter contained in a textile wastewater contaminated with 
acid black dye 194. Its main physico-chemical characteristics include: intense black color (ca. 45000 Pt-Co units); 
dye concentration ≈ 1000 mg/L; COD ≈ 3500 mg/L, Biological Oxygen Demand (BOD5) ≈ 700 mg/L, Total Suspended 
Solids (TSS) ≈ 70 mg/L, Sedimentable Solids (SS) ≈ 144 mg/L, Cr ≈ 30 mg/L, Total Organic Carbon (TOC) ≈ 1271 
mg/L and pH ≈ 7.50. None of these qualities meet the discharge limits set by Colombian legislation (MADS, 2015). 
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The COD and BOD5 values imply a low biodegradability index (BOD5/COD ≈ 0.2 < 0.4). In addition, its Average 
Oxidation State (AOS = -0.13), whose values vary between -4 (the most reduced state of carbon, in the form of CH4) 
and +4 (the most oxidized state of carbon, in the form of CO2) (Vogel et al., 2000), indicates the presence of reduced 
compounds in the effluent.

 AOS = 4 – 1.5 × COD (mg/L)
TOC (mg/L)

 (1)

THEORETICAL FRAMEWORK

Coagulation-Floculation (CF) is one of the most widely used methods for wastewater treatment (Dulov et al., 2011). 
In general, CF allows the reduction of suspended solids, organic matter and turbidity. If the CF process is operated 
correctly, it should result in a higher degree of purification than that achieved by flotation or simple sedimentation, 
but not as high as that resulting from treatment by biological or advanced treatment processes. For this reason, the 
CF process is sometimes referred to as “primary or intermediate treatment”. Factors affecting CF-slaked lime 
process includes: the type of coagulant used, its dose and mass; pH and initial turbidity of the water that is being 
treated; and properties of the pollutants present. To determine the optimal operation conditions for CF-slaked lime 
process, experimental design together with multivariable analysis was performed (Montgomery, 2013).

METHODOLOGY

The representative raw wastewater samples were collected from an equalization tank in a textile industrial plant 
located in coffee region-Colombia. The sampling corresponded to a production batch of around 10000 linear meters 
of textile dyed with AB-194. Raw wastewater samples and these resulting from the CF-slaked lime tests were 
analyzed by triplicate. Standard methods (APHA, 2017) were followed for the quantitative analysis of color (SM 2120 
B), dye concentration (absorbance measurements at 575 nm), COD (SM 5220 D), BOD5 (SM 5210 B), TSS (SM 2540 
D), SS (SM 2540 F), Cr (SM 3111 B), TOC (SM 5310 B) and pH (SM 4500-H+ B). CF-slaked lime experiments were 
carried out according to ASTM (D2035-19, 2019) procedure in a jar test equipment with six equal compartments with 
a capacity of 2 liters each. The experimental design included the definition of: (i) operating factors and their ranges: 
(Al2(SO4)3.14H2O concentration = [7-22] g/L and slaked lime, Ca(OH)2 concentration = [3-9] g/L; (ii) the response 
variables (COD removal (RCOD); Color removal (RColor); alkalinity; TSS; final pH, and total operating costs; and (iii) 
the monitoring variables (removal of dye concentration (RDye); filtration time; conductivity; and turbidity). Thus, 
based on a Central Composite experimental Design (CCD) with two levels and two factors, twelve experiments were 
randomly programmed using the Design-Expert® software. The statistical significance of the experimental results 
obtained (e.g., the factors and their interactions) was established by analysis of variance (ANOVA) for each response 
variable. The experimental results were fitted to second-order polynomial models (e.g., each response variable as a 
function of the factors and their double combinations). To determine the optimal operating conditions of the CF-
slaked lime process, a restricted dual minimization-maximization problem was proposed and solved. This includes 
the fitted models, for each response variable to be optimized. The optimal operating conditions of the CF- slaked 
lime process were experimentally validated with three independent experiments. The contaminant removal 
percentages and the total operation costs (COpT) were calculated according to the following expressions:

 RColor [%] = Colori – Colorf

Colori
 × 100 

 RCOD [%] = CODi – CODf

CODi
 × 100 (2)

 COpT 3
USD
m3 4 = Pslaked lime × [slaked lime]

Pzaslaked lime
 + PCQ × [CQ]

PzaCQ
 + Psludge × Gsludge 
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where: colori and colorf are the initial and final color value measured in Pt-Co units, respectively; CODi and CODf are 
the initial and final COD values, respectively; Psliked lime, PCQ, and Psludge represent in the prices of Ca(OH)2 (0.136 USD/
kg), of Al2(SO4)3 × 14H2O (0.292 USD/kg), and of the sludge disposal (0.0398 USD/kg), and PzaCQ are Pzaslaked lime 
represent the purity of the coagulant and of slaked lime expressed in mass fraction, Gsludge correspond to the 
sludge determined at the end of the CF process measured as the TSS.

RESULTS AND CONCLUSIONS

Experimental results demonstrated the combined effect of the two factors on CF-slaked lime process performance. 
In general, it was observed that it is possible to achieve both high color and COD removal (86% < RColor < 97% and 49% 
< RCOD < 67%, respectively) with operation costs ranging between 2.32 and 8.72 USD/m3. Since minimum costs do 
not corresponds with maximum color and/or COD removals, a multivariable optimization analysis was performed. 
The search space during the optimization process is defined by the experimental minimum and maximum limits of 
the studied factors (eg, [Al2(SO4)3 × 14H2O] and [slaked lime]). As the operation cost is a discrete variable (v.g., its 
minimum denomination is 0.01 USD), there is the possibility of detecting optimal multiple values. Hence the 
restriction of pH ≥ 6 (an operational and environmental condition) was also analyzed (MADS, 2015). It is specifically 
about the pH condition that allows guaranteeing a minimum content of residual aluminum in the supernatant of the 
CF-slaked lime process (evidenced experimentally and also theoretically by the equilibrium concentrations of the 
monomeric hydrolysis products of Al3+). This would open the possibility of reusing or dumping the effluent from the 
CF-slaked lime process. The solution of this multi-objective optimization problem was achieved using the fmincon 
function available in the MatLab® software. Figure 1 shows the graphical representation of the solution to four 
optimization problems: (i) Max(RColor); (ii) Max(RCOD); (iii) Max(RColor) & Min(Costs); (iv) Max(RCOD) & Min(Costs); 
(v) Max(RColor, RCOD) & Min(Costs) and (vi) Max(RColor, RCOD), Min(Costs) & pH = 6. The optimum operation 
conditions for each case are presented in Table 1 (each optimization can be interpretated as operation options 
based on treatment goals). However, none of the cases analyzed allow compliance with the discharge limits 
established by Colombian legislation (COD < 400 mg/L) (MADS, 2015). Thus, the treatment of the treated effluent 
must be complemented with other technologies, before being discharged into bodies of water.

Table 1. Optimization results for different objetive functions.

Case

Optimal operation conditions Response variables

[Al2(SO4)3 × 14H2O]
g/L

[Ca(OH)2]
g/L

RColor
%

RCOD
%

COpT
USD/m3

(i) Max(RColor) 22.00 6.27 97.08 60.44 8.06

(ii) Max(RCOD) 17.28 8.33 94.93 66.22 7.39

(iii) Max(RColor) & Min(Costs) 13.91 4.15 93.75 61.61 5.14

(iv) Max(RCOD) & Min(Costs) 9.19 5.05 90.86 62.15 4.08

(v) Max(RColor, RCOD) & Min(Costs) 13.52 5.70 94.05 64.50 5.51

(vi) Max(RColor, RCOD), Min(Costs) & pH = 6 16.09 5.16 95.00 63.00 5.91
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Figure 1. Optimization analysis for the treatment by CF-slaked lime of an industrial textile wastewater contaminated with Acid 
Black 194 Dye.
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INTRODUCCIÓN

La electrodiálisis (ED) se viene usando como método de concentración de iones a nivel industrial, desde hace más 
de 50 años, principalmente para la obtención de agua de consumo humano a partir de aguas salobres (Strathmann, 
2010). Actualmente, su uso se está extendiendo al tratamiento de aguas residuales urbanas e industriales. La ED es 
un proceso electroquímico de membranas en el que la fuerza motriz es la diferencia de potencial y tiene como 
principal objetivo la separación y/o concentración de iones mediante membranas de intercambio iónico (Strathmann, 
2010; Xie et al., 2016; Yan et al., 2018). Por otro lado, el nitrógeno y el fósforo son, actualmente, recursos con alta 
demanda para la fabricación de fertilizantes presentes en bajas concentraciones en las aguas residuales a tratar en 
las plantas depuradoras urbanas e industriales, existiendo un creciente interés en su recuperación y posterior 
valorización (Zhang et al., 2013; Tarpeh et al., 2018; Ward et al., 2018). La recuperación de forma económicamente 
factible requiere una etapa previa de concentración. En este sentido, la electrodiálisis es una tecnología adecuada 
para tal fin. El objetivo principal de este trabajo ha sido establecer los parámetros de operación óptimos del proceso 
de ED para concentrar, por una parte, los nutrientes provenientes del efluente de un reactor anaerobio de membranas 
a escala piloto (AnMBR) y por otra parte, obtener una corriente diluida que cumpla los requisitos de vertido 
establecidos en la Directiva 91/271/CEE. Para ello, se realizaron diferentes baterías de ensayos en las que se estudió 
el efecto del tipo de membrana aniónica utilizada y el efecto del incremento del número de pares de celda, sobre los 
costes económicos y ambientales del tratamiento.

MATERIALES Y MÉTODOS

El equipo de ED utilizado fue proporcionado por PCCell GmBH (Alemania) y consiste en una unidad de bombeo (BED 
1-2) y un stack con dimensiones 100 x 100 mm y con un máximo de 10 pares de celda (ED 64-002). Se utilizó una 
membrana PC-SK (PCCell GmbH, Alemania) como membrana de intercambio catiónico (MIC) y tres tipos diferentes 
de membrana de intercambio aniónico (MIA) Acid 100, 100 OT y 60 (PCCell GmbH, Alemania), todas ellas con una 
superficie activa de membrana de 64 cm2. Las características principales de las membranas se presentan en la 
Tabla 1. El compartimento diluido y concentrado se alimentó con 2L y 1,5L, respectivamente, de agua residual 
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proveniente del efluente de la planta AnMBR, situada en una EDAR próxima a la ciudad de Valencia (España). Las 
concentraciones promedio del efluente del AnMBR se presentan en la Tabla 2. Como electrolito se utilizó ácido 
sulfúrico 0,01M con un volumen total de 2L. Se trabajó en modo galvanostático a 0,24 A y durante los experimentos 
se fueron registrando los valores de conductividad y pH de cada una de las corrientes, así como la evolución de la 
intensidad y el voltaje. Los ensayos se realizaron en modo discontinuo (ciclos) recirculando las corrientes diluida y 
concentrada hasta alcanzar un valor máximo de 15V en el stack. Cada vez que estas condiciones eran alcanzadas, 
el compartimento diluido se renovaba con efluente del AnMBR fresco y así, se completaba un ciclo del experimento. 
Se trabajó con 1, 5 y 10 pares de celda con un caudal de 10L/h, 45 L/h y 50 L/h, respectivamente, para los 
compartimentos concentrado y diluido. El caudal de electrolito fue de 150L/h. Al inicio, mitad y final de ciclo se 
tomaron muestras de todas las corrientes para medir la concentración de cada uno de los iones por cromatografía 
iónica (883 Basic IC Plus, Metrohm, Switzerland).

Tabla 1. Características principales de las membranas de intercambio iónico.

Membrana PC-SK Acid 100 Acid 60 Acid 100 OT

Uso general Desalinización estándar Ácido sulfúrico Ácidos monovalentes Eliminación de fosfato

Composición Ácido sulfónico Amonio Amonio Amonio

Resistencia (Ω cm2) 2,5 5 2 4

Intervalo pH 0-11 0-10 0-9 0-10

Espesor (µm) 100-120 80 100-110 100-110

Temperatura máx. (ºC) 50 60 60 40

Tabla 2. Valores promedio del efluente del AnMBR.

pH 6,82 ± 0,1

Conductivity (mS/cm) 1,81 ± 0,4

N-NH4 (mg/L) 51,6 ± 2,4

P-PO4 (mg/L) 8,0 ± 2,0

RESULTADOS

Efecto del tipo de membrana aniónica

En las Tabla 3 se observan las concentraciones del alimento de entrada, el promedio de las concentraciones de 
salida de la corriente diluida y las concentraciones alcanzadas en el compartimento concentrado para cada una de 
las membranas estudiadas. Todos los valores presentados en la Tabla 3 son para el mismo tiempo de ensayo, 600 
minutos. De las concentraciones obtenidas, se observó que con la membrana Acid 100 OT se alcanzaron eficacias 
de concentración de un 127% de N-NH4 y un 133,32% de P-PO4 con respecto a la entrada de alimento. Sin embargo, 
en la corriente diluida, con ninguna de las tres membranas se alcanzaron los límites de vertido (15 mg N /L y 2 mg 
P /L), lo que se asoció a la operación del stack con un solo par de celda, puesto que es el modo de operación más 
desfavorable. En cualquier caso, la membrana Acid 100 OT presentó también las mejores eficacias de dilución, 
siendo de un 95,46% para el N-NH4 y de un 74,75% para el P-PO4, así como el menor consumo energético por 
volumen tratado de agua y por masa de N-NH4 y P-PO4 recuperado (Tabla 5).
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Tabla 3. Concentraciones de N-NH4 y P-PO4 en las corrientes de entrada y de salida del compartimento diluido y concentrado en 
función de la membrana aniónica utilizada.

Tipo de membrana

Concentraciones (mg/L) Eficacias (%)

Duración 
ensayo (min) Entrada Salida Diluido Salida 

Concentrado Diluido Concentrado

ACID 100 (N-NH4) 617 47.8 ± 0.2 8.3 ± 1.5 78.2 82.5 63.7

ACID 100 (P-PO4) 617 10.2 ± 0.3 2.8 ± 0.2 19.0 72.9 87.1

ACID 100 OT (N-NH4) 570 54.9 ± 0.2 2.5 ± 1.3 125.1 95.5 127.9

ACID 100 OT (P-PO4) 570 10.1 ± 0.2 2.6 ± 0.5 23.7 74.5 133.3

ACID 60 (N-NH4) 605 47.8 ± 0.0 4.3 ± 5.0 76.7 91.1 60.5

ACID 60 (P-PO4) 605 10.2 ± 0.0 3.3 ± 1.9 15.5 67.5 52.3

Efecto del número de pares de celda

Se realizaron 3 ensayos con 1, 5 y 10 pares de celda con la membrana Acid 100 OT. En la Tabla 4 se observan las 
concentraciones alcanzadas para cada uno de los ensayos tras 4 ciclos de experimento. A medida que se 
incrementaron los pares de celda fue necesario acidificar el compartimento concentrado para evitar la formación 
de precipitados de fósforo. Así pues, en los ensayos con 5 y 10 pares de celda, se mantuvo el pH de la corriente 
concentrada en un valor en torno a 3. Se observó que, al incrementar los pares de celda, el tiempo de experimento 
para un mismo número de ciclos se acortó, y, por lo tanto, se alcanzaron recuperaciones similares con un menor 
tiempo de ensayo (prácticamente 7 veces menor en el ensayo con 10 pares de celda que en el ensayo con un solo 
par de celda). Con respecto a los consumos energéticos (Tabla 5), se observó como al incrementar los pares de 
celda, incrementó el volumen de agua tratada y, por lo tanto, disminuyó significativamente el consumo energético 
por volumen tratado y por masa de cada uno de los nutrientes recuperados. Esta evolución fue la esperada dado que 
incrementar los pares de celda equivale a operar varias celdas en serie tratando la misma disolución.

Tabla 4. Concentraciones de N-NH4 y P-PO4 en las corrientes de entrada y de salida del compartimento diluido y concentrado en 
función de los pares de celda utilizados.

Concentraciones (mg/L) Eficacias (%)

Pares de 
celda

Tiempo 
ensayo 
(min)

Entrada Salida diluido Salida  
concentrado Diluido Concentrado

N-NH4
1 750

54.6 ± 0.4 2.8 ± 1.2 184.1 95.0 236.9

P-PO4 10.3 ± 0.2 2.6 ± 0.4 30.9 74.3 200.5

N-NH4
5 210

50.5 ± 0.2 5.9 ± 0.8 167.7 88.4 231.7

P-PO4 6.1 ± 0.1 2.0 ± 0.1 17.7 66.7 187.9

N-NH4
10 92

51.1 ± 0.4 8.4 ± 0.4 191.2 83.5 274.3

P-PO4 6.1 ± 0.1 2.2 ± 0.0 17.3 64.5 182.8
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Tabla 5. Consumos energéticos para ambas baterías de ensayos.

Consumo energético

(kWh/m3) (kWh/kgN-NH4) (kWh/kgP-PO4)

Efecto de la membrana aniónica

ACID 100 1,80 40,06 223,59

ACID 100 OT 1,48 12,62 109,83

ACID 60 3,89 181,97 902,25

Efecto de los pares de celda

x1 par de celda* 2,63 27,77 241,64

x5 pares de celda 0,49 16,75 153,52

x10 pares de celda 0,24 7,17 79,02

* Mismo ensayo que en la batería de ensayos sobre el efecto de la membrana aniónica (Acid 100 OT). La variación en el consumo energético es 
debida a que la primera batería de ensayos (efecto membrana aniónica) está calculada para 600 minutos de ensayo y los segunda (efecto de los 
pares de celda) par 4 ciclos de funcionamiento, que equivalen en este caso concreto a 750 minutos.

CONCLUSIONES

Se realizaron dos baterías de ensayos a 0,24 A para optimizar la operación del stack de ED. Se concluyó que la 
membrana aniónica más adecuada para la recuperación de ambos nutrientes fue la Acid 100 OT, dado que con esta 
se consiguió concentrar entre un 60%-63% más de N-NH4 y entre un 25-53% más de P-PO4 que con el resto de 
membranas. Por otro lado, se observó que la eficacia de recuperación fue mayor utilizando 10 pares de celda, ya que, 
a pesar de alcanzar concentraciones similares en todos los casos, en este último fue en un periodo de tiempo menor.
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The Wastewater-Based Epidemiology (WBE) evaluates the impact of harmful factors in a population by measuring 
chemical or biological parameters (markers) in sewages networks and Wastewater Treatment Plants (WWTPs). 
Quantitative variations of these markers provide crucial information for the prevention and control of diseases even 
if symptoms do not require a hospital admission, thus promoted an exponential growth of WBE during the last years. 
Examples of epidemiological markers are alcohol, caffeine, licit and illicit drugs, among other compounds (Daughton, 
2001). Nevertheless, in addition to abiotic factors WBE can be used to track and measure biotic factors, such as 
pathogens that infect a population (O’Keeffe, 2021). WBE can integrate the wastewater treatment regulations for 
preventing bacterial and viral infections through contaminated water (Bivins, 2020). It can be combined with the 
recent sequencing technologies and directed to the identification of pathogen components (e.g., genome fragments) 
that are present in the faeces of infected people and thereby transferred to the sewage system.

During the last two years, LABAQUA has been using a workflow for identification and quantification of SARS-CoV-2 
and its variants from wastewater samples using a multi-technology approach based on qPCR and environmental 
genomics. The optimization of the sample concentration allowed the RNA extraction (and retrotranscription to 
cDNA), and quantification of genome fragments using published qPCR designs (Institut Pasteur, 2020; Corman et al., 
2019; CDC, 2019) or custom primers and probes for emerging variants (qPCR and environmental genomics).

The quantitative assessment of SARS-CoV-2 was expedited for the result release within 24h after reception of the 
sample, and NGS (Next Generation Sequencing)-variant evaluations within 1 week, thus providing a reliable evaluation 
of COVID-19 pandemic in Spain.

Between March 2020 and June 2022, we analysed 24,000 sewage samples from 850 different sampling sites 
distributed across Spain, representative of north and southwest, and southeast.

Data provided information on number of equivalent viral genomes in sewage samples (genome units GU/500ml), 
thus showing the evolution of the pandemic at very high resolution (e.g., for each WWTP comprising a tributary 
area). In addition, we identified sampling sites within same cities which closer correlated with regional and national 
trends (Figure 1A). These sites can be considered “hot-spots” for estimating the current health condition of the 
population. Thus, they might play a pivotal role for the definition of WBE strategies. Integrated environmental 
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genomics data showed circulating variants among the population and depicted evolutionary dynamics at the basis 
of spreading of novel SARS-

CoV-2 strains. For example, we were able to spot the replacement (clonal sweep) of the Alpha variant (B.1.1.7) by 
Delta (B.1.617.2) occurred in Spain between spring and summer 2021 (Figure 1B).

Figure 1. Quantification of SARS-CoV-2 from sewage samples and identification of viral variants. A: qPCR quantifications of 
SARS-CoV-2 in sewage samples from two sampling sites in the same city (LC-I and LC-II) are shown. Quantifications are expressed 

as genomic units (GU) in 500 mL. The comparison between SARS-CoV-2 log (GUs) and reported infection at national level is 
reported within each plot, and correlates LC-II with data from Spain. B: evaluation of SARS-CoV-2 variants through NGS approach. 
Variant identifications are performed by considering unique Single Nucleotide Polymorphisms (SNPs) mapped at each genome 

position. Bar-heights correspond to the frequency of variant-related SNPs (fV) with that of the reference Wuhan genome (fR). The 
Alpha-to-Delta sweep is visible by comparing samples collected at the same site during spring and summer 2021.

The double qPCR-EnvGen approach was also successful in the detection of SARS-CoV-2 variant Omicron BA1 
(B.1.1.529) from sewage samples starting from late 2021. The early detection of Omicron was firstly done by Sanger-
sequencing of specific genomic regions and was next performed using custom qPCR assays. Experiments gave 
positive results (Omicron amplifications) from week#48 of 2021, corresponding to dates 11/29-12/05, that were 
consistent between sampling sites. Data suggest that this variant might have reached Spain before the first official 
detection in clinical specimens (Figure 2). Additionally, NGS of sewage samples spotted again the clonal sweep 
between Delta and Omicron BA1 variants that occurred in the early 2022, as well as emergence and spreading of 
subvariant BA2. In addition, we were able to identify a cryptic variant, which might occur in sewage samples but for 
which no records are available from clinical specimens.
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Figure 2. Detection of SARS-CoV-2 variants through custom qPCR and environmental genomics. A: presence-absence of 
SARS-CoV-2 variant Omicron BA1 (B1.1.529) in different sampling sites located in the northwest (NW), southeast (SE) and 

southwest (SW) of Spain. Each line corresponds to a sampling site, and colours highlight the presence (blue boxes) or absence 
(orange) of Omicron during late 2021 and early 2022 (week #48 of the 2021, week #02 of the 2022). B shows variants detection in 

sewage samples and abundances of unique single nucleotide polymorphisms (fV) compared with that of the reference Wuhan 
genome (fR). Samples were collected during February and March 2022.

In conclusion, we developed a multi-platform methodology for the detection and quantification of SARS-CoV-2 and 
its variants in sewage samples. Our protocol provides the basis for further developments and for the detection of 
novel emerging pathogens (e.g. monkeypox virus, novovirus, influenza, enterovirus, syncytial respiratory virus, 
among others). Epidemiological surveillance strategies might play a fundamental role in identifying and preventing 
the spreading of diseases of concern and future pandemics, thus fulfilling the modern concept of One Health.
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ANTECEDENTES

En los últimos años la necesidad de reutilización de agua se ha visto acusada como consecuencia del cambio 
climático y el aumento del estrés hídrico, principalmente en el área mediterránea. Se estima que la escasez de agua 
afecta al 40% de la población mundial y puede seguir aumentando dado el crecimiento de la población, la demanda 
de la industria y el impacto del cambio climático. Este hecho ha promovido un gran interés por las tecnologías de 
membrana, las cuales permiten la obtención de agua depurada de elevada calidad, que puede ser reutilizada en 
sectores como el agrícola o el industrial.

El biorreactor de membranas (MBR) puede ser una solución para el tratamiento de aguas residuales. La tecnología 
MBR tiene la ventaja de ser un sistema compacto, que permite trabajar con una elevada concentración de biomasa, 
baja producción de fangos y obtener un agua tratada de alta calidad. El principal inconveniente que presenta es el 
ensuciamiento de las membranas, que disminuye su permeabilidad, requiere procedimientos de limpieza y 
eventuales recambios de membranas. Tradicionalmente, los MBR que tratan aguas urbanas se han operado con 
membranas poliméricas, sin embargo, las membranas cerámicas pueden ofrecer una alternativa más robusta. El 
objetivo principal del estudio es desarrollar y validar membranas cerámicas de bajo coste en una EDAR. Para ello, 
se han incluido residuos agrícolas e industriales en su composición, junto con materias primas utilizadas en la 
industria de baldosas cerámicas.

OBJETIVOS Y ALCANCE

El MBR combina el tratamiento biológico con la tecnología de membranas. Las membranas cerámicas cuentan con 
numerosas ventajas en comparación con las orgánicas, ya que tienen mejores propiedades químicas, térmicas y 
mecánicas, lo que permite su funcionamiento en condiciones severas. El proyecto CEMINK tiene como objetivo 
desarrollar y validar una tecnología enfocada a la fabricación de membranas cerámicas de bajo coste de 
microfiltración y ultrafiltración, mediante la combinación de materiales cerámicos de bajo coste (huesos de aceituna, 
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utilizados como formadores de poro, polvo de mármol y chamota) y aplicación de la tecnología de impresión digital 
de tinta (inkjet). Poder aplicar diferentes tipos de tinta permite poder desarrollar un amplio abanico de membranas 
específicas según los requerimientos de la aplicación posterior.

METODOLOGÍA

Las membranas cerámicas desarrolladas se basan en materias primas normalmente utilizadas en la industria de 
baldosas cerámicas (básicamente arcilla), mezcladas con un 40% de residuos agroindustriales. Se han fabricado 
mediante extrusión en una extrusora industrial. Tras secar los soportes a temperatura ambiente durante 48 h, y 
posteriormente a 110 ºC, estos se sinterizaron en un horno a 1000 ºC. La deposición de la capa selectiva se realizó 
mediante impresión inkjet y posteriormente fueron secadas y sinterizadas de nuevo.

En primer lugar, se definieron las características óptimas para la fabricación de las membranas en una industria 
cerámica y se caracterizaron las membranas a escala de laboratorio (Figura 1) en términos de microestructura y 
propiedades permeoselectivas, es decir, corte molecular de la membrana y permeabilidad al agua. Una vez 
determinados los parámetros de operación óptimos, las membranas se validaron en la EDAR de Totana, Murcia, a 
escala piloto (Figura 2).

Figura 1. Planta piloto para los ensayos a escala laboratorio.
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Figura 2. Planta piloto utilizada en la EDAR.

RESULTADOS

La tecnología de impresión digital (inkjet) es una opción prometedora para la elaboración de la capa selectiva en 
membranas cerámicas, ya que teóricamente permite depositar capas de unas pocas micras de espesor sobre un 
sustrato de acuerdo con un patrón definido previamente en un archivo digital. Esta contribución analiza la elaboración 
de la capa selectiva en membranas de bajo coste mediante inkjet.

Como sustrato se emplearon soportes obtenidos por extrusión a partir de una mezcla de arcilla blanca, almidón y 
chamota y sinterizados a 1165 ºC. Como materia prima de la capa intermedia y la capa selectiva se empleó la 
misma arcilla presente en el soporte, pero calcinada previamente a 700 ºC y 900 ºC, respectivamente. Este 
tratamiento térmico cambia las características de la arcilla, permitiendo una molturación más eficiente y una mejor 
interacción con el vehículo (principalmente un éster) y los aditivos reológicos empleados en la obtención de la tinta. 
Para la capa intermedia se preparó una suspensión de la arcilla calcinada en agua, que se aplicó por dip-coating y 
posteriormente se sinterizó a 1050 ºC. Por último, la tinta fue preparada en un molino microbolas a 3500 r.p.m. 
durante 180 min.

Los ensayos MBR se realizaron con concentraciones de sólidos de 2.500 a 35.000 mg/L. Se observó que las 
membranas funcionaban correctamente a elevadas concentraciones de sólidos Se realizaron limpiezas químicas 
periódicas para mantener el flujo de permeado con ácido cítrico y/o hidróxido sódico. A lo largo de los experimentos 
se ha monitorizado la presión transmembrana (PTM) y el caudal de permeado (Figura 3), obteniéndose una 
permeabilidad entre 20 y 30 L·m-2 ·h·bar. En cuanto a la caracterización del permeado, la Tabla 1 muestra los 
resultados medios obtenidos, alcanzándose una reducción de 5 unidades logarítmicas para las esporas de 
clostridum y de 5,7 para E. coli.
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Figura 3. Evolución de la PTM y el caudal de permeado durante una parte del experimento a elevada concentración  
de sólidos (31.810 mg/L).

Tabla 1. Caracterización del influente y permeado.

ENSAYO B3-DÍA 5

PARÁMETRO INFLUENTE  
EDAR

EFLUENTE  
CEMINK

%RTO.  
CEMINK

SS (mg/L) 536 22 96%

Turbidez (NTU) 318 3,7 99%

DQO (mg/L) 941 40 96%

DBO5 (mg/L) 370 5 99%

Esporas de clostridium (UFC/mL) 1100000 4 100%

E. Coli (UFC/mL) 7000000 14 100%

Bacteriófagos totales (p.f.p./mL) 85000 3 100%

Colífagos somáticos (p.f.p./mL) 68000 3 100%

Bacteriófagos ARN (p.f.p./mL) 17000 0 100%

AGRADECIMIENTOS

El proyecto ha sido financiado por el Ministerio de Ciencia e Innovación y el Fondo Europeo de Desarrollo Regional 
a través del programa RETOS bajo la referencia RTC-2017-5897-5.

barraquete
Nuevo sello



Efecto de las condiciones operacionales sobre el coeficiente de transferencia de materia y recuperación de metano en membranas de PDMS al tratar...    105

Efecto de las condiciones operacionales  
sobre el coeficiente de transferencia de materia  

y recuperación de metano en membranas de PDMS  
al tratar el efluente de un AnMBR

Kristel Moyano1*, Pau Sanchi-Perucho1, Julio Revert1, Ángel Robles1, José Ferrer2  
and Aurora Seco1

1 CALAGUA - Unidad Mixta UV-UPV, Departament d`Enginyeria Química, Universitat de Valencia, Spain
2  CALAGUA - Unidad Mixta UV-UPV, Institut Universitari d`Investigació d`Enginyeria de lÀigua i Medi 

Ambient – IIAMA, Universitat Politécnica de Valencia, Spain
* Corresponding author: kristel.moyano@uv.es

Keywords: recuperación de metano, Desgasificación por membranas, biorreactor de membranas 
anaerobio.

INTRODUCCIÓN

Los sistemas anaerobios son una excelente alternativa para la recuperación de energía y el tratamiento de aguas de 
una manera más sostenible. Sin embargo, durante los tratamientos con sistemas AnMBR se obtienen efluentes con 
una importante concentración de metano disuelto. Las pérdidas de metano disuelto en el efluente pueden llegar al 
80% de la producción cuando el sistema se opera a bajas temperaturas 15 ºC (Cookney, y otros, 2016) (Giménez, 
Matí, Robles, Ferrer, & Seco, 2014), teniendo como resultado la perdida de eficiencia del proceso y el aumento de la 
huella de carbono. Asimismo, dichas emisiones pueden llegar a producir un importante impacto ambiental debido 
al elevado potencial de calentamiento global que este gas ostenta (38 veces superior al CO2), representando una 
limitación para la aplicación de procesos anaerobios a gran escala. Como solución a estos problemas existen 
diferentes tecnologías aplicadas para remover gases de corrientes liquidas (Heli, Chernicharo, Brandt, & Mc Adams, 
2017). En este estudio se seleccionó las membranas de desgasificación por sus ventajas en la operación, debido a 
que las fases gas y líquida se mantienen separadas (Stanojevic, Lazarevic, & Radic, 2003) y se previene la dilución 
de los gases cuando se opera con vacío.

Las membranas no porosas proveen una resistencia adicional al sistema, además de la resistencia del líquido y del 
gas, por lo que se vuelve importante determinar el origen del mayor aporte de resistencia y bajo qué condiciones se 
puede minimizar para poder mejorar la recuperación de metano. En este sentido usando diferentes membranas de 
desgasificación (Wickramasinghe, Semmens, & Cussler, 1992) y (Henares, Izquierdo, Marzal, & Matrínez-Soria, 
2017), encontraron que la resistencia que ofrece el flujo de líquido es superior a la resistencia de la membrana o del 
gas, convirtiéndose este en un factor muy importante para la operación de la membrana. Por otro lado, la temperatura 
es un aspecto importante en la operación, siendo que la solubilidad del metano aumenta a medida que baja la 
temperatura (Velasco, Jeegatheesan, & Othman, 2018), ocasionando mayores pérdidas de metano por el efluente. 
En cuanto a la difusión del metano en el agua se espera que aumente con la temperatura, disminuyendo la resistencia 
del líquido para retener el metano y por consiguiente mejorando el coeficiente de transferencia global (KO). Por lo 
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tanto, para evaluar la efectividad en la recuperación del metano es importante conocer el comportamiento del 
sistema a diferentes temperaturas y así poder determinar cuál es la mejor para su operación.

El objetivo de este estudio es evaluar el coeficiente de transferencia de masa durante la operación a diferentes 
condiciones de caudal (QL:A) y de temperatura de tres tipos de membrana ( PDMS, PMP, PP). La membrana se 
operó en un rango de caudal entre 22-190 Lh-1m-2 y temperaturas entre 11-30 ºC para cubrir las temperaturas en 
diferentes estaciones del año y evaluar la eficiencia de recuperación de metano a diferentes niveles.

MATERIALES Y MÉTODOS

Se utilizaron membranas comerciales: PDMS (PERMSELECT ®, MedArray Inc. USA); PMP (Separel ®) y PP (3M™ 
Liqui-Cel™) de fibra hueca como unidad de desgasificación (DM por sus siglas en inglés) para tratamiento del 
efluente de un sistema AnMBR. La unidad de DM se operó con vacío en el interior de las fibras para generar la fuerza 
impulsora necesaria para la recuperación de gas, bombeando el líquido por el lado de la carcasa para reducir la 
propensión al ensuciamiento.

La planta piloto AnMBR estaba formada por un rector de 40 m3 con tres tanques de membranas 0.8 m3 cada uno. 
Los tanques de membranas utilizaron un sistema de ultrafiltración de 0.03 μm de tamaño de poro (PURON ® PSH41, 
Koch Membrane Systems) dando un total de 123 m2 de área de filtración.

DISCUSIÓN DE RESULTADOS

A modo de ejemplo se van a mostrar los resultados de la membrana PDMS. La eficiencia en la recuperación aumenta 
a medida que aumenta la temperatura, tal como se observa en la Fig 1. Este efecto es debido a la mayor concentración 
de metano presente el efluente a menores temperaturas, aumentando el gradiente de concentración durante la 
recuperación. Este efecto también fue observado por Cookney (2011), que reporta mejores eficiencias de 
recuperación durante el verano, cuando por las altas temperaturas disminuye la solubilidad del metano. También se 
observó el efecto del flujo de líquido QL:A, que al aumentar, también mejoró el flujo de recuperación de metano, 
llegando a un máximo de 16 mg min-1 m-2 alrededor de los 120 L h-1 m-2, luego del cual el flujo de recuperación de 
metano decae rápidamente. Además, dicho efecto se observa de manera más pronunciada conforme se reduce la 
temperatura. Esta relación fue producida por los efectos que el QL:A muestra sobre el coeficiente KO (ver Fig. 3). Por 
otro lado, debido al aumento del QL:A, la recuperación porcentual de metano se ve disminuida de forma significativa 
(ver Fig. 2). Esto es debido a que, al aumentar el caudal de tratamiento, aumenta la velocidad de paso dentro de la 
membrana, disminuyendo el tiempo de contacto entre la membrana y el líquido.
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Figura 1. Flujo de recuperación de metano para diferentes condiciones de operación.

Figura 2. Eficiencia de recuperación de metano para diferentes condiciones de operación.

El KO controla la cantidad de metano disuelto que puede ser capturado por la membrana. En la Fig 3 se observa 
la relación del caudal de líquido que pasa por la membrana y el coeficiente de transferencia de masa, demostrando 
que el caudal al que se opera la membrana juega un papel importante en la resistencia. El coeficiente de masa se 
ve favorecido por el aumento del QL:A hasta un máximo luego del cual disminuye. Esto fue atribuido a 
perturbaciones en las fibras de la membrana debidas al elevado caudal de tratamiento. Asimismo, este efecto se 
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vio intensificado al reducir la temperatura, siendo posiblemente debido al aumento de la viscosidad del medio 
bajo estas condiciones.

Figura 3. Efecto del flujo sobre el coeficiente global de transferencia de masa (KO).

CONCLUSIONES

La unidad DM mostró un excelente potencial para la recuperación de metano, obteniéndose la máxima eficiencia 
entre 79-85% con valores bajos de caudal QL:A. La máxima concentración obtenida de metano es de 16 mg min-1 m2 
con caudales entre 100-122 Lh-1m2 para las diferentes temperaturas analizadas.

El coeficiente global de transferencia de masa aumentó junto con el aumento de temperatura. Este efecto se puede 
atribuir a que la difusividad del metano en el agua se ve mejorada bajo estas condiciones. Es importante encontrar 
las condiciones en las que el coeficiente se vea favorecido.
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INTRODUCTION

The possibility of recovering water and essential nutrients for plants growth from wastewater (WW) presents an 
opportunity to foster the development of technologies that enable the production of organic fertilizers and help to 
protect these valuable resources. When talking about small communities (SC) and rural areas, this topic gains 
special relevance to boost circular economy and recovery of local resources. In this context, the reuse of wastewater 
for irrigation results vital, especially when talking about dry and arid regions where water scarcity is present. 
According to the European Environmental Agency (EEA), around 20% of the total population of the Mediterranean 
region live under permanent water stress conditions, and more than half (53%) of the Mediterranean population is 
affected by water stress during the summer. In a national context, in Spain the reuse of wastewater is regulated by 
RD1620/2007, which sets the minimum water quality in terms of contaminants such as pathogen content or turbidity 
according to its final use. However, although there is no applicable EU standard in force concerning water reuse yet, 
the Proposal for a regulation of the European Parliament and of the Council on minimum requirements for water 
reuse (December 2019), which has been approved by the European Parliament on the 12.05.2020 (European Directive 
2020/741), sets the water reuse quality limits in agriculture.

In this context, LIFE PHOENIX project develops innovative solutions for urban wastewater regeneration for agricultural 
purposes. LIFE PHOENIX project’s main objective is to obtain reclaimed water in WWTPs that meets the new 
European Directive 2020/741. The main objectives of the project are:

1.  Obtain reclaimed water that meets the strictest requirements of the new European regulations (type A 
water).

2.  Minimize the possible environmental and health effects of the use of reclaimed water by reducing toxics, 
emerging pollutants, antibiotic-resistant bacteria and MPs.

3.  Develop a decision support system to ensure the adaptability of tertiary treatment to each specific case.

4.  Ensure water quality through online monitoring of certain parameters as pathogens.

5.  Recover more than 90% of the nutrients from the wastewater.

6.  Test reclaimed water and nutrients in field studies.
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7. �Reduce�the�costs�of�tertiary�treatment�to�0.10-0.15�€/m3.

8. �Study�compliance�with�the�new�European�Directive�in�existing�tertiary�plants,�and,�if�necessary,�propose�
upgrading�solutions.

9. �Promote�the�replication,�transferability�and�market�launch�of�technologies.

10. �Assessment�of�environmental,�social�and�economic�impacts.

To�achieve�the�proposed�objectives,�two�experimental�plants�will�be�created,�including�technologies�adapted�to�the�
needs� of�medium-large� and� small� populations,� and�will� be� tested� in� different� locations.�More� than� 10� different�
technologies�will�be�tested.�The�performance�of�the�different�possible�combinations�will�be�evaluated,�to�optimize�
tertiary�treatments.

The�aim�of�this�study�is�to�present�a�novel�cost-effective�WW�treatment�process�to�produce�high�quality�reclaimed�
water�and�recover�nutrients�in�small�WWTPs.

EXPERIMENTAL PLANT AND TECHNOLOGIES

The�experimental�plant� is� located� in�El�Toyo�WWTP� facility� and� treats� raw�wastewater�with�a� system�based�on�
extensive�technologies.�This�plant�is�based�on�a�combination�of�three�different�technologies:�high-rate�algae�pond�
(HRAP)�for�microalgae�cultivation;�vertical�flow�constructed�wetlands�(VFCW)�and�solar�photo-Fenton�disinfection�
plant.�The�plant�will�be�operated�and�validated�during�the�next�3�years�in�the�frame�of�LIFE�PHOENIX�project.

Microalgae raceway and constructed wetlands

A�3,000�m2�microalgae�raceway�pond�followed�by�a�harvesting�process�with�two�flotation�units�and�200�m2�vertical�
wetlands�have�been�operated�under�real�conditions�during�one�full�year.�The�plant�presents�a�full�WW�treatment�with�
natural�based�solutions�that�provide�an�alternative�treatment�configuration�for�small�WWTPs�based�on�extensive�
technologies.�The�main�process�steps�are:

•� Pretreatment:�a�1�mm�sieve�avoids�the�entrance�of�big�solid�particles�into�the�biological�system.

•� High-Rate Algae Pond:�the�raceway�bioreactor�has�an�area�of�3.000�m2�and�is�able�to�treat�up�to�250�m3�of�
WW�per�day�(1.500�PE).�Two�alternative�mixing�systems�are�installed�and�compared:�a�conventional�padd-
lewheel�and�a�LEAR®�(Low�Energy�Algae�Reactor),�a�low�energy�mixing�system�patented�by�Aqualia,�which�
is�based�in�a�submerged�axial�propeller.

•� Harvesting:�from�the�raceway�the�brew�is�pumped�to�a�dissolved�air�flotation�unit�(DAFAST)�to�separate�al-
gae�biomass�from�treated�wastewater.

•� Vertical constructed wetlands:�the�liquid�effluent�obtained�after�harvesting�is�fed�into�four�50�m2�VFCWs,�
which�were�proposed�as�a�polishing�treatment�to�nitrify�and�reduce�turbidity,�TSS�organic�matter�and�patho-
gens.�Two�different�plant�species�were�planted�in�the�bed:�Arundo�donax�and�Phragmithes�australis;�to�be�
tested�and�compared�in�alternative�units.

•� Dewatering:�harvested�microalgae�biomass�is�dewatered�in�a�decanter�centrifugation�unit.

Photo-Fenton solar disinfection

New�technologies�available�for�WW�regeneration�include�advanced�oxidation�processes�(AOP).�In�addition,�those�
processes� that� are� able� to� use� sunlight� as� a� source� of� radiation,� are� especially� interesting.� Among� these� solar�
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treatments stands out the photo-Fenton process. Its efficiency is explained by the generation of hydroxyl radicals 
(OH·), which has a high oxidation potential. The mechanism is based on the reactions shown in Figure 3, where Fe2+ 
is oxidized to Fe3+ by reaction with hydrogen peroxide, generating OH and shrinking back to Fe2+ by UV-Vis radiation 
action, generating another radical. Together, a redox cycle is established between Fe2+ and Radiation- activated 
Fe3+, consuming hydrogen peroxide and generating hydroxyl radicals. In this sense, the use of solar radiation allows 
to reduce operating costs in an environmentally sustainable way.

Figure 1. LIFE PHOENIX diagram.

Figure 2. Panoramic view of El Toyo WWTP with experimental demo plant (raceway and wetlands).
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Figure 3. Solar photo-Fenton RPR tertiary treatment plant at demonstrative scale (LIFE ULISES project, grant agreement no. 
LIFE18 ENV/ES/000165). Scheme of the redox cycle of the solar photo-Fenton process.

Figure 4. HRAP monthly removal efficiencies for COD, tN, tP and TSS; ambient temperature ando solar radiation.
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INTRODUCTION

Emerging contaminants (ECs) have recently come to the sphere of public interest and concern, as they represent a 
significant risk to both human health and wildlife and also represent major challenges to existing wastewater 
treatment systems in terms of the efficiency of their removal. ECs include highly polar and acidic/alkaline compounds 
such as pharmaceuticals and personal care products (PPCPs), dioxins, pesticides, hormones, surfactants, 
alkylphenolic compounds, polycyclic aromatic hydrocarbons (PAHs), perfluorinated substances and nanomaterials. 
PPCPs, including antibiotics, analgesics, non-steroidal anti-inflammatory drugs, stimulant drugs, diuretics, 
antiseptics, antimicrobials, beta-blockers, among others, have also been linked to reduced reproductive health and 
increased antimicrobial resistance, enhancing the vulnerability of human health and ecosystems. Several scientific 
researches have shown that some ECs are not degraded in conventional wastewater treatment systems, thus 
requiring treatment with micro- or ultrafiltration membranes, anaerobic digestion or advanced oxidation processes 
of questionable environmental sustainability (e.g., UV/O3, UV/H2O2).

Abargues et al., 2012; Sivaranjanee & Kumar, 2021; Zahedi et al., 2021 observed that the filtration and anaerobic 
digestion technologies for wastewater treatment of wastewater removed ECs significantly. Therefore, the main aim 
of this study was to evaluate the ECs removal performance of a wastewater treatment system based on a combination 
of filtration processes and an anerobic digestion using real wastewater.

MATERIALS AND MATHOD

Pilot plant description

In order to achieve the proposed objective, the combination of membrane filtration, activated sludge and anaerobic 
digestion operations and processes will be studied on ECs removal. The pre-treatment effluent from the “Cuenca del 
Carraixet wastewater treatment plant (WWTP) (Alboraya, Spain) was filtrated in the membrane tank (MT) module 
(Figure 1). The MT module had a total working volume of 737 L with a filtration area of 44,5 m2 obtained from a 
commercial ultrafiltration hollow-fiber membrane system (PURON® Koch Membrane Systems (PUR-PSH31), 0.03 μm 
pore size). The permeate is subsequently treated in an aerobic sequencing batch reactor (SBR) to remove nutrients 
and the remaining organic matter (Figure 1). The SBR had a wroking volume of 15 L and was operated at 5 days and 
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5 hours of solid retention time (SRT) and hydraulic retention time (HRT), respectively. The sludge streams generated 
(membrane reject and biological sludge from the SBR) were further treated in an anaerobic digester (Figure 1). The 
anaerobic digester was connected to a PURON® Koch membrane with working volume and filtration area of 0.915 L 
and 0.42 m2, respectively. Sludge stabilization was achieved at 20 and 15 days of SRT and HRT, respectively.

Figure 1. Flow diagram of the proposed treatment for the removal of emerging contaminants.

Sampling

Eight points were sampled: effluent from the pretreatment of the “Cuenca del Carraixet” WWTP (effluent from the MT 
ultrafiltration module), permeate and rejection sludge from the ultrafiltration membrane, effluent and biological sludge 
from the SBR, and incoming mixed sludge, permeate and stabilized sludge from the anaerobic digester (effluent).

Samples were centrifyged at 3500*g for 10 minutes and filtered through 0.45 µm nylon paper filters (Millipore, Bedford, 
MA) to remove suspended solids to separate the soluble fraction from the suspended fraction, except for permeate 
samples, where only the soluble fraction was analyzed. The soluble fraction was extracted by solid phase micro-
extraction (SPME) and analyzed by high performance liquid chromatography/mass spectrometry (LC/MS). The 
suspended fraction was dehydrated by freeze-drying and later extracted with acetonitrile and anaalyzed by LC/MS.

Reagents and solutions

All the reagents were of analytical grade. Cetrizine (83881-51-0), carbamazepine (298-46-4), azithromycin (CAS 
Number 83905-01-5), erythromycin (CAS Number 114-07-8), propranolol (CAS Number 525-66-6), acyclovir (CAS 
Number 59277-89-3), nonylphenol (CAS Number 84852-15-3), octylphenol (CAS Number 1806-26-4), 
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pentachlorophenol (CAS Number 87-86-5), estrone (CAS Number 53-16-7), 17β-estradiol (CAS Number 50-28-2), 
eritromicin (CAS Number 114-07-8), naproxeno (CAS Number 114-07-8), ketoprofen (CAS Number 22071-15-4), 
diclofenac (CAS Number 15307-86-5), ibuprofen (CAS Number 15687-27-1) and pentachlorophenol (CAS Number 
87-86-5) were purchased from Sigma-Aldrich (Steinheim, Germany). Methanol was purchased from Merck 
(Darmstadt, Germany). Pure water was obtained by means of a Milli-Q water purification system (Millipore, Bedford, 
MA, USA). All solutions were kept at 4 ºC until use.

RESULTS AND DISCUSSION

Eight of seventeen targeted compunds were detected. Biodegradation and adsorption removal efficiencies were shown 
in Table 1. The anaerobic biodegradation was the main removal mechanism of propranolol, cetrizine and ketoprofen. 
De Graaff et al. (2011) and Gadipelly et al. (2016) described cetirizine as a non-biodegradable EC. However, 68% of 
cetirizine is removed by anaerobic biomass, as the digester membrane can retain specific microorganisms able to 
remove targeted compounds. On the other hand, acyclovir and diclofenac were removed mainly by adsorption, likely 
due to theirs ionic properties (Octanol/Water Partition Coefficient (Kow)). The mass balance calculations revelead that 
both biodegradation and adsorption were the main removal mechanism for azithromycin and carbamazepine. 

Table 1. ECs removal rates from the MT ultrafiltration module, SBR and anaerobic digester  
(ND not detected, i.e., below detection limits).

Biodegradation  
(%)

Adsorption  
(%)

MT ultrafiltration module

Propranolol 25.8 30.3

Cetirizine 16.0 34.0

Acyclovir 2.0 8.8

Azythromicin 33.6 4.5

Carbamazipine 11.6 6.4

Ketoprofeno 14.3 31.0

Diclofenac 17.4 2.8

SBR

Propranolol ND ND

Cetirizine ND ND

Acyclovir ND ND

Azythromicin ND ND

Carbamazipine ND ND

Ketoprofeno ND ND

Diclofenac ND ND

Anaerobic digester

Propranolol 69.5 29.5

Cetirizine 65.9 33.0

Acyclovir 0.8 77.2

Azythromicin 54.2 42.6

Carbamazipine 45.6 46.9

Ketoprofeno 18.5 76

Diclofenac 35.7 60.3
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ABSTRACT

In this work, the air-water flow of a diffuser has been characterized using conductivity probes. The void fraction, 
bubble velocity and chord length curves have been obtained, checking these results by calculating the flow rate from 
the experimental results. The coalescence and the slip velocity in the group of bubbles have been analyzed. These 
results allow the understanding and improvement of aeration systems.

INTRODUCTION

In wastewater treatment, aeration is of great importance, providing oxygen to microorganisms, which are responsible 
for carrying out the purification of water. More than 50% of the total electrical consumption of a treatment plant 
comes from the aeration system (Metcalf, 1991). Many works have focused on the study and improvement of these 
systems.

The ASCE standard dedicated to oxygen transfer focuses on the calculation of aeration efficiency without analyzing 
the factors that affect this (ASCE, 1991). Bubble size, velocities or interfacial area are factors that significantly 
influence the oxygen transfer.

Measurements of bubble flow characteristics in diffusers allows understanding of oxygen transfer mechanisms, to 
improve the efficiency of these systems.

EXPERIMENTAL FACILITY

Figure 1 displays the scheme of the experiment facility. The system is made up of a cylindrical tank with a diameter 
of 2 meters and a height of 2 meters, in the center of the base of which there is a 12- inch diffuser (SSI Fine Bubble 
Diffusers ECD350).

barraquete
Nuevo sello



Characterization of an industrial air-water diffuser flow by conductivity probe    119

Congreso YWP SPAIN, 2022. Valencia

Figure 1. Scheme of the experimental facility.

The air supply for the diffuser is controlled by the system formed by the mass flow meter controller (Bronkhorst  
EL-FLOW) and the pressure sensor (SICK 6038716). To characterize the gas bubbles, miniature conductivity probes 
are used. To acquire more than one point at a time, a row of 5 probes is used. The processing and development 
of these probes has been extensively studied in GFM research group (Monrós-Andreu, 2017). To move the row of 
conductivity probes along and up the diffuser, there is a system of motorized guides. The entire system is controlled 
by software developed in Labview.

RESULTS

Experiments have been carried out for flows from 30 to 270 l/min with steps of 30 l/min. Measurements have been 
carried out at a large set of points to obtain a representative statistical result. Figure 2(a) shows the results for a flow 
rate of 80 l/min, the dotted line shows a statistical mean. Radial distance 0 is the center of the diffuser.

It has been done in a similar way for different heights as shown in figure 1(b), where average values are shown. It is 
observed how the void fraction curve flattens with height. Bubble velocity and bubble chord length increase with 
height, bubble size increase due to pressure reduction and coalescence.
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Figure 2. (a) Radial distribution of local parameter for a flow rate of 80 l/min at 10 cm of the membrane. (b) Radial distribution of 
local parameter for a flow rate of 80 l/min for differents distances to the membrane.

Figure 3(a) shows the probabilistic distribution of the chord length. A variation with the height of the chord length 
distribution is observed. The percentage of small bubbles is reduced, and the percentage of large bubbles is 
increased. Figure 3(b) shows the variation of the mean chord length with height. This increase in chord length 
causes a reduction in oxygen transfer, due to the decrease of its interfacial area. This phenomenon cannot be due 
only to gas expansion and coalescence and break up phenomena should be studied in detail.
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Figure 3. (a) Distribution of chord length for two different heights at a flow rate of 80 l/min. (b) Variation of mean chord length 
with height.

The liquid velocity has been obtained with the use of an Acoustic Doppler Velocimeter, using a Phase-Space 
Thresholding methodology when bubble gas is present. The terminal velocity of the bubbles in the center of the 
diffuser has been estimated, this is about 0.37 m/s. The bubble movement is affected by the clustering effect, 
achieving a higher terminal velocity. Figure 4 shows the evolution of the bubble velocity relative to the liquid phase 
(slip velocity).

Figure 4. Liquid velocity, bubble velocity and slip velocity as a function of height at the center of the diffuser.
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CONCLUSIONS

The curves of the local flow parameter of the diffuser show a notable trend. The presence of coalescence has also 
been observed. In half a meter the average chord length increases by about ten percent, which considerably reduces 
the oxygen transfer. The study of coalescence is of great importance, due to the effects of the bubble size in the 
oxygen transfer.

The characterization of the diffuser is of great importance to perform simulations or improving aeration systems. 
This work allows a better understanding of the aeration systems, for accomplishing improved the efficiency of these 
systems.
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CONCESIONES DE AGUAS

El agua es un recurso natural escaso, fundamental para la vida y para el ejercicio de la inmensa mayoría de 
actividades económicas: es irremplazable, no ampliable por la voluntad del hombre, irregular en su distribución en 
el espacio y en el tiempo y susceptible de usos sucesivos.

Dada esta importancia y singularidad del recurso, es necesaria una intervención y supervisión estatal en la utilización 
del mismo, actualmente recogida en el Real Decreto Legislativo 1/2001 por el que se aprueba el Texto Refundido de 
la Ley de Aguas (TRLA) y en su desarrollo reglamentario por el Real Decreto 849/1986 por el que se aprueba el 
Reglamento del Dominio Público Hidráulico (RDPH) en los que se establece que es competencia del Estado el 
otorgamiento de concesiones para el uso privativo de las aguas que excedan el ámbito de una comunidad autónoma, 
es decir, las conocidas como cuencas intercomunitarias y en ellas se constituirán los organismos de cuenca, con la 
denominación de Confederaciones Hidrográficas (CCHH), organismos autónomos adscritos al actual Ministerio 
para la Transición Ecológica y el Reto Demográfico (MITECO).

Dentro de estas CCHH, es concretamente en las Comisarías de Aguas donde se tramitan estas concesiones salvo 
en casos de obras y actuaciones de interés general del Estado, cuya resolución compete a los servicios centrales 
del MITECO.

Profundizando en el concepto de concesión, ésta es la herramienta administrativa de la que dispone la administración 
para otorgar el “permiso” necesario para realizar un uso privativo del Dominio Público Hidráulico (DPH). Es decir, hay 
una serie de bienes que, por sus características, como las aguas continentales, lechos de lagos y lagunas entre 
otros, que son bienes afectados al uso y goce de todos los ciudadanos. Sin embargo, hay una serie de limitaciones 
a este uso, y para ello acudimos al Título IV del TRLA titulado “De la utilización del DPH” en el que se especifica que 
todo uso de agua no previsto en el artículo 54 (por disposición legal) requiere la respectiva concesión administrativa. 
A su vez, toda concesión requiere que se definan en ella una serie de elementos, siendo los más importantes: el 
titular de la misma, su finalidad, el plazo por el que se otorga, el caudal máximo instantáneo, el volumen máximo 
anual, entre otras.

Dentro del amplio abanico de usos que requieren de una concesión, destacaré por comentar los más directos con 
mi ámbito laboral: las concesiones de aguas superficiales, que deberá definirse en función de su uso, el orden de 
prioridad definido por la Planificación Hidrológica y por la documentación a presentar en la solicitud correspondiente 
que diferirá en función del uso que se solicita, ejemplos podrán ser: abastecimiento de población, regadío, ganadero, 
industrial, aprovechamiento hidroeléctrico, reutilización de agua, desalación, etc.
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Respecto a su tramitación, viene definida y pormenorizada en el RDPH en los artículos 104 y siguientes, incluyendo 
la participación activa por parte tanto de diversas administraciones, de los propios interesados y de cualquier 
ciudadano en general ya que se dan procedimientos de información pública. Este complejo de actos administrativos 
queda recogido de forma esquemática en la figura 1. Finalmente, el otorgamiento de una concesión, entre otros 
efectos incluye la protección jurídica de ese aprovechamiento por parte del Organismo de Cuenca mediante su 
inclusión en el Registro de Aguas.

Figura 1. Esquema del procedimiento concesional recogido en los articulos 104 y siguientes del RDPH.

Registro de Aguas

De la misma forma que es necesaria una seguridad jurídica en el contenido, forma y tramitación de las concesiones, 
es necesario que eso se vea reflejado en algún tipo de registro de carácter público que garantice esa protección 
jurídica. Aquí es donde aparece el Registro de Aguas, al cual podemos definir de forma coloquial como el Registro 
de la Propiedad de los aprovechamientos de agua, en el cual se inscriben de oficio las concesiones y otros títulos 
de derecho, así como sus cambios autorizados. Antiguamente, dicho registro se realizaba por medio de inscripciones 
físicas en libros que se guardan en cada una de las CCHH, si bien ahora mismo se lleva a cabo todo de forma digital.

Destacar que este libro está compuesto por tres secciones, las cuales son:

• Sección A: Concesiones de aguas superficiales o subterráneas, reservas a las CCHH, antiguas inscripcio-
nes del antiguo Libro de Registro de Aprovechamientos de Aguas Públicas, así como las concesiones de 
recursos no convencionales: desalación, regeneración, reutilización.

• Sección B: aprovechamientos dentro del mismo predio de manantiales de volumen inferior a 7.000 metros 
cúbicos, así como las aguas estancadas en sus linderos
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• Sección C: aprovechamientos temporales de aguas privadas recogidos en las Disposiciones Transitorias 
segunda y Tercera del TRLA, que fueron otorgadas al amparo de la ley de 13 de junio de 1879, las cuales se 
les da un plazo concesional de 50 años a la entrada en vigor de la ley 29/1985 de aguas, es decir, con fecha 
31 de diciembre de 2035 deberá producirse el traslado de todos estos asientos a la sección A.

Cartografía digital

La necesidad de la disponibilidad de cartografía para la resolución de concesiones viene recogida en la adscripción 
del recurso hídrico a un determinado lugar, art. 61 TRLA y en el caso de riegos, es necesario contabilizar la superficie 
regable en Hectáreas. Además, en el ya comentado Registro de Aguas en el que figuran los aprovechamientos 
inscritos, tal como se regula en el Art. 192 del RDPH deberán reflejarse entre otros los siguientes aspectos: lugar o 
partida, termino municipal, provincia y las coordenadas UTM de las tomas y lugares de aplicación.

En esta labor, resulta fundamental el empleo, desarrollo y uso de los Sistemas de Información Geográfica (SIG), que 
se fundamentan en la interrelación de datos de dos componentes: uno de ellos es el alfanumérico y el otro es la 
información vinculada al territorio, es decir, son el resultado de la aplicación de las Tecnologías de la Información a 
la gestión de la Información Geográfica.

A través de esta información geográfica (captaciones, superficies de riego asociadas o usos puntuales) la Comisaría 
realiza una mejor administración de los recursos, asigna las dotaciones acordes con los usos establecidos, dispone 
de información acerca de posibles afecciones por otros titulares, posibles duplicidades en zonas donde ya existen 
derechos de agua, o incluso se pueden observar las modificaciones realizadas a lo largo del tiempo.

Figura 2. Incorporación de la información de carácter alfanumerico y/o planos fisicos en papel a la cartografía digital.

barraquete
Nuevo sello



Concesiones, Registro de Aguas y digitalización de cartografía    126

Congreso YWP SPAIN, 2022. Valencia

Figura 3. Resultado visual de informe cartográfico. Los puntos amarillos representan las captaciones y las áreas rojas  
las superficies con derecho de riego.
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RESUMEN

Este trabajo presenta el estudio de dos alterantivas al tratamiento convencional de depuración de aguas residuales 
para la eliminación/recuperación de nitrógeno en la línea de aguas tras un proceso de ultrafiltración: intercambio 
catiónico mediante el empleo de zeolitas y nitrificación parcial seguida de un proceso anammox. Ambas alternativas 
se encuentran precedidas por un proceso de ultrafiltración del agua residual. Los resultados obtenidos han permitdo 
conocer la viabilidad de estas alternativas así como las condiciones de operación en cada caso.

INTRODUCCIÓN

El tratamiento convencional de las estaciones de depuración del agua residual (EDAR) ha sido identificado como un 
proceso con elevada demanda energética, además, gran parte de los recursos presentes en el agua no se pueden 
recuperar siguiendo este tratamiento (McCarty et al., 2011). Nuestro trabajo plantea una alternativa de tratamiento 
enfocada a revertir esta situación mediante la implantación en la línea de aguas de un proceso de Ultrafiltración (UF) 
que permita incrementar la materia orgánica (MO) a valorizar. El permeado generado dispone de baja MO por lo que 
el proceso clásico de nitrificación/desnitrificación no se puede implementar siendo necesario aplicar otros 
tratamientos. En este contexto se plantea la eliminación biológica por vía autotrófica (nitrificación parcial + 
ANNAMOX) y una recuperación mediante un proceso de concentración con Zeolitas y posterior recuperación con 
membranas de pervaporación (Figura 1).
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Figura 1. Esquema de las dos alternativas de tratamiento planteadas en este estudio. Dentro del rectángulo con línea roja 
discontinua se engloba las etapas estudiadas (calidad del permeado de UF, proceso biológico de nitrificación parcial y capacidad 

de intercambio catiónico de la columna de adsorción junto con el estudio de regeneración de dicha columna).

MATERIALES Y MÉTODOS

El permeado del proceso de ultrafiltración (membranas con tamaño de poro de 0.03μm) fue obtenido de la planta 
piloto instalada en una EDAR. Dicho permeado presenta las características descritas en la Tabla 1.

Tabla 1 Características promedio del permeado del proceso de Ultrafiltración.

DQO (mg DQO/L) 62±20 NH4 (mg N-NH4/L) 27.9±1.9

DBO (mg DBO/L) 17±3 NO3 (mg N-NO3/L) 0.6±0.2

SST (mg SST/L) No detectado NO2 (mg N-NO2/L) 0.3±0.1

CaCO3 (mg CaCO3/L) 348±15 pH 7.5±0.3

Para el tratamiento de este permeado se dispuso en la misma EDAR de un reactor biológico secuencial (SBR) de 15L 
de volumen útil, con sondas de registro de pH y oxígeno disuelto (OD) (Figura 2). En este reactor se estudió el 
proceso de nitrificación parcial (NP). El reactor se encuentra dentro de una caseta de trabajo con temperatura 
regulada. Para la separación del tiempo de residencia hidráulico y celular (TRH y TRC, respectivamente) se acopló 
un módulo de ultrafiltración de 0.9 L de volumen útil. Los valores de TRC y TRH fueron objeto de estudio, mientras 
que la concentración de OD se fijó en 0.35 mg O2/L.
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Figura 2. Montaje SBR donde se ha estudiado el proceso de nitrificación parcial. TA: tanque alimento. BA: Bomba alimento. EV A: 
Electroválvula alimento. SE: soplante externa aporte de oxígeno. BR: Bomba recirculación. SA: Soplante agitación membrana. BF: 

Bomba filtración. UF: Módulo ultrafiltración. PC: ordenador recibe información sondas y manda órdenes de control.

La segunda alternativa estudiada para el tratamiento del permeado consiste en una columna de intercambio 
catiónico. Esta columna tiene 110ml de volumen de lecho (BV) y se rellenó con 220 gramos de zeolita. Se empleó 
una zeolita natural de 0.5 a 1.0mm de tamaño, facilitada por la empresa ZEOCEM. Se dispuso de una bomba 
dosificadora de caudal variable para regular el caudal de tratamiento de la columna (Figura 3).

Figura 3. Montaje de las columnas de intercambio catiónico.

RESULTADOS Y CONCLUSIONES

Nitrificación Parcial

La NP se logró alcanzar aplicando conjuntamente varias estrategias de selección de bacterias amoniooxidantes 
(AOB) (encargadas de oxidar el NH4 a NO2) frente a las nitritooxidantes (NOB) (encargadas de oxidar el NO2 a NO3). 
Para ello se trabajó con una concentración de OD de 0.35 mg O2/L y con un TRC de 5 días. Se tuvo que aplicar la 
combinación de ambas estrategias ya que la NP se alcanza con mayor éxito a altas temperaturas y con una elevada 
concentración de NH4 a la entrada (Sinha and Annachlatre, 2007), situación opuesta a la que se tiene en las 
condiciones estudiadas. La producción de biomasa en este sistema es mínima, dada la baja concentración de 
materia orgánica disponible para las bacterias heterótrofas y porque el amonio solo es reducido hasta NO2, por lo 
que no hay presencia de NOB. Esto provocó que los SST en el efluente tras la decantación fuesen mayores que la 
producción de SST en cada ciclo, provocando el lavado del reactor al no poder contener la biomasa, siendo por lo 
tanto necesario incluir un proceso de ultrafiltración para separar el TRC del TRH. Tras oxidar todo el NH4 hasta NO2 
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(Figura 4), este efluente se introducirá en un reactor Anammox junto con un caudal similar de agua de entrada 
(bypaseando el proceso de UF para poder aportar el NH4 necesario) (Figura 1). Las bacterias Anammox transformarán 
el NH4 y NO2 hasta N2 principalmente, y el poco NO3 generado podrá ser desnitrificado en este mismo reactor, ya que 
hay condiciones anóxicas y el bypass aporta la materia orgánica necesaria. Esta alternativa de tratamiento permite 
reducir el coste energético de la aireación en la línea de aguas y la superficie necesaria de reactores biológicos 
(entre otras ventajas) empleando las infraestructuras ya existentes en las EDARs.

Figura 4. Evolución de los SST (rombos naranjas) y el porcentaje de acumulación de nitrito respecto el NOx (puntos azules) 
durante el ensayo realizado con un TRC de 5 días.

Intercambio catiónico

La capacidad de intercambio catiónico (CIC) se vio influida por el caudal de tratamiento y la concentración de 
amonio en el influente (Figura 5). Para la concentración promedio del permeado, la CIC varió de 400 mg N-NH4/g 
zeolita para un caudal de tratamiento de 17.4 BV/h hasta 520 mg N- NH4/g zeolita a 4.3 BV/h. Los estudios de 
regeneración lograron probar que la columna se puede regenerar en un 90%, obteniendo una corriente con una 
concentración de amonio superior a 400 mg N-NH4/L (es decir, concentrando el amonio en la entrada más de 15 
veces). Esta corriente presenta las características adecuadas para ser tratada por contactores de membrana y así 
poder recuperar el nitrógeno bajo la forma de sulfato amónico. Esta alternativa de tratamiento sería modular (mayor 
independencia de las variaciones de caudal), más compacta (menor uso del suelo) a la vez que permite recuperar 
el nitrógeno presenta en el agua residual.

Figura 5. Capacidad de intercambio catiónico de la columa de adsorción en función del caudal de tratamiento, Q (BV/h) y de la 
concentración de amonio en el influente, Co (mg N-NH4/L).
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INTRODUCTION

The climate change is forcing the governments and world population into greener global economy. In this sense, 
biorefineries can be used as an alternative to traditional industrial production of fuels and bulk chemicals (de Jong, 
2020). Short and middle carbon chain products with an industrial interest (acids/solvents) like acetic acid/ethanol 
(two carbons, 2C), butyric acid/butanol (4C) and hexanoic acid/hexanol (6C) can be produced via anaerobic 
autotrophic fermentation using Clostridium carboxidivorans from CO rich gas streams (Fernández-Naveira, 2017). 
The syngas fermentation faces some challenges. Among them, the low water solubility of the syngas gases, 
especially the CO and H2, limit the mass transport rate to the fermentation media compared to aerobic processes 
(Fernández-Naveira, 2017). The use of continuous stirred tank reactors (CSTR) with continuous supply of gas and an 
agitation mechanism lets to split the gas bubbles increasing the gas- liquid mass transfer. Additionally, the increment 
of the stirring velocity can also enhance the gas mass transfer to the liquid (Fernández-Naveira, 2017). The pH range 
of C. carboxidivorans P7 is 4.6-7.8, with an optimum range of 5.0-6.0 (Fernández-Naveira, 2017). Thus, controlling the 
pH in the optimal range would appear as potential strategy for enhancing the process. This work deals with the 
development of a CSTR configuration with pH control for the production of alcohols by using C. carboxidivorans P7 
under constant flux of pure CO. For that a spectrum of dilution rates was tested under constant pH to assess the 
behaviour of the microorganism in the CSTR operation.

MATERIALS AND METHODS

C. carboxidivorans DSM 15243 (strain designation P7) was purchased from DSMZ (German Collection of 
Microorganisms and Cell Cultures, Braunschweig, Germany). Continuous fermentations were carried out in 250 mL 
MiniBio bioreactors (Applikon Biotechnology, Delft, Netherlands) using 120 mL of working volume. The temperature 
was maintained at 35 ºC and agitation at 250 rpm during all the experiment. The pH was continuously monitored and 
controlled with NaOH (0.5M) or HCl (0.5M). Assays were carried out with constant flux of pure CO (10 mL min-1) 
throughout the experiments. Two pH set-points (5.4 and 5.6) were tested in order to evaluate the performance of the 
CSTR with C. carboxidivorans under a range of different dilution rates (D, h- 1). The D used were 0.034 and 0.050 h-1 
for the pH set-point of 5.4 while 0.034; 0.050; 0.083 and 0.167 h-1 were used with the pH set-point of 5.6.
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RESULTS

The effect of pH and dilution rate was evaluated in the CSTR to produce medium carbon chain alcohols (C4-C6) 
while avoiding the washout of the biomass. At initial stage, the reactor was performed at continuous feeding of CO 
but at batch mode of liquid. During this period, the pH fluctuated freely from 5.7, while producing biomass and C2-C4 
metabolites (Figure 1). After 27h, the pH was set at 5.4 and the continuous operation started with a D of 0.034 h-1. 
At these conditions, biomass slightly increased from 0.36 ± 0.01 to 0.48 ± 0.02 g L-1, after which remained stable 
during whole experiment (0.47 ± 0.02 g L-1). The productivities of the alcohols are shown in Table 1. The C2-C4 
alcohols were produced since the beginning, achieving productivities of 349 ± 24 mg L-1 d-1 and 145 ± 12 mg L-1 d-1, 
respectively. At 144h the production of C6 was detected with a productivity of hexanol of 46 ± 13 mg L-1 d-1. At 219h 
the D was increased to 0.050 h-1 leading to an increase of productivity of 1.30, 1.21 and 1.44-fold for C2, C4 and C6 
alcohols, respectively.

Figure 1. Gas-liquid CSTR at pH 5.4. Production of biomass (g L-1) and metabolites (mg L-1). The grey area corresponds to the 
ethanol addition test.

Table 1. Productivities of at pH 5.4 expressed in mg L-1 d-1.

D (h-1) Ethanol Butanol Hexanol

0.034 349 ± 24 145 ± 12 46 ± 13

0.050 455 ± 166 179 ± 37 66 ± 4
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A new experiment with a pH set-point of 5.6 was carried out. During the batch mode, the pH fluctuated freely from 
6.0 with production of biomass and metabolites up to C4 (Figure 2). At 28h, the pH was set to 5.6 and the continuous 
operation of liquid started at a D of 0.034 h-1. At this pH of 5.6, the 6C metabolites started to be produced at ~70h. 
The increment of pH set-point from 5.4 to 5.6 may have fasten the assembly of longer carbon chain metabolites, 
specially hexanol. Under this D the suspended biomass grew from 0.28 ± 0.02 to 0.45 ± 0.04 g L-1. At 196h the D was 
risen to 0.050 h-1. Ethanol productivity was 323 ± 67 mg L-1 d-1 (1.37-fold over the D = 0.034 h-1, Table 2), meanwhile 
the C4 and C6 alcohols productivities were 166 ± 25 and 120 ± 9 mg L-1 d-1 (1.12 and 0.87-fold over the previous D, 
respectively). Compared to the pH set-point at 5.4, hexanol productivity was >1.81-fold over the range of D = 0.034-
0.050 h-1. The change to D = 0.083 h-1 at 340 h decreased the 2C-6C solvents concentrations and cell concentration 
to 0.29 ± 0.04 g L-1 in the reactor. These observations would indicate a partial wash out over the previous dilution 
rates. The hexanol productivity remained nearly constant while the ethanol and butanol productivities incremented 
by 1.56 and 1.19-fold respectively. Doubling the D to 0.167 h-1 (412 h) fastened the biomass reduction to 0.23 ± 0.03 
g L-1 (0.51-fold over the D = 0.034 h-1) concomitant to the solvent reduction. At this condition, the 6C alcohol 
concentration was residual showing a limit in the dilution rate to be able to produce the longest carbon chain solvent 
as is the hardest to be synthetized. Thus, evidencing a wash-out in the fermenter. These experiments evidence the 
feasibility of developing a CSTR for the production of solvents, specially hexanol, with C. carboxidivorans.

Figure 2. Gas-liquid CSTR at pH 5.6. Production of biomass (g L-1) and metabolites (mg L-1).
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Table 2. Productivities of metabolites at pH 5.6 expressed in mg L-1 d-1.

D (h-1) Ethanol Butanol Hexanol

0.034 235 ± 60 147 ± 19 138 ± 13

0.050 323 ± 67 166 ± 25 120 ± 9

0.083 504 ± 45 197 ± 38 108 ± 25

0.167 710 ± 144 180 ± 51 14 ± 20

CONCLUSIONS

In this study, it was successfully developed a CSTR configuration for C4-C6 production from CO using C. 
carboxidivorans P7. The hexanol productivity showed a stable value when incrementing the dilution factor in a range 
of 0.043-0.083 h-1, after while the wash-out of the reactor occurred indicating a maximum liquid flux for biomass and 
solvent production, particularly hexanol. These results showed the potential of this technology for producing medium 
chain carbon alcohols from syngas.
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INTRODUCTION

Understanding and optimizing membrane-based filtration systems such as MBR and AnMBR is a complex and time-
consuming effort due to all the sub-processes that occur simultaneously and usually correlated. To this aim, 
mathematical modeling is a key tool that aims to predict and explain the behavior of these systems. Regarding 
membrane filtration processes, a significant number of different models can be found in literature, especially due to 
the need of assessing the complexity of membrane fouling phenomenon in each specific scenario. However, there 
is not consensus regarding their notation and nomenclature.

Hence, it is necessary to come up with a new notation and nomenclature that could serve as a starting point for 
future models or that could be applied to existing models in order to compare and implement them more easily.
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METHODOLOGICAL APPROACH

An up-to-date review of selected membrane filtration models proposed in literature has been assessed, which are 
shown in Table 1, indicating also the MBR-based technology used to calibrate and validate the model. A matrix 
summarizing the main parameters of each model was constructed to provide an overview of the symbols and 
subscripts used in each case.

Table 1. Selected models for the standardization proposal

Selected model Type of system

Broeckmann et al. (2006) SMBR

Busch et al. (2007) SMBR

Charfi et al. (2014) SMBR

Charfi et al. (2015) SMBR

Charfi, Aslam, et al. (2017) AFMBR GAC

Charfi, Aslam, et al. (2018) Fluidized MBR

Charfi, Park, et al. (2018) AFMBR PET

Charfi, Thongmak, et al. (2017) AnMBR

Giraldo & Lechevallier (2006) SMBR

Khan et al. (2009) SMBR

Leeavb et al. (2002) SMBR

Li & Wang (2006) SMBR

Ludwig et al. (2012) SMBR

Mannina et al. (2011) SMBR

Robles et al. (2013) AnMBR

Sarioglu et al. (2012) SMBR

Wintgens et al. (2003) MBR

Wu et al. (2012) SMBR

Zarragoitia-González et al. (2008) SMBR

Zuthi et al. (2017) SMBR

Based on this matrix, a framework for standardized notation and nomenclature has been proposed. The proposal is based 
on previous works on standardization in water treatment, such as Corominas et al. (2010) and Brepols et al. (2020).

RESULTS AND DISCUSSION

The proposed standardized notation is shown in Table 2 and the proposed nomenclature is included in Table 3. 
Special difficulties were found in proposing the symbol or letter for thickness, specific mass, specific strength and 
coefficients, due to the high variability in nomenclature and symbols in literature. For instance, “δ” was established as 
symbol for thicknesses as it was the most frequently used. In the case of specific mass, “ω” was selected as reference 
symbol against the letter “m or M” since it is more frequently associated with dry mass and membrane, respectively. 
For specific resistances, a very similar situation arises and the Greek letter “α” is used instead of “R” and “r”, being “R” 
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more typically used for model general resistances and “r” can lead to confusions by referring to a radius. In the case 
of specific coefficients, it is proposed to use the symbol “k”, adding the specific subscript to specify the coefficient.

Table 2. Notation proposed for the new notational framework (P: proposal)

Definition P Definition P Definition P

Membrane area A Back-flushing flow QBF Specific cake resistance αc

Block membrane area Abck Permeate flux J Specific pore resistance αpo

Irreversible block membrane 
area

AIv Stokes drag force Fdrag Specific biofilm resistance αbf

Bulk concentration Css,blk Lifting force Flift
Specific irreversible fouling 
resistance

αIv

Cake concentration Css,c
Aeration intensity (gasifica-
tion intensity)

qG
Stickiness of biomass 
particles

ςbm

Colloidal bulk concentration Ccll,blk Cake mass mc Apparent stress G

Colloidal cake concentration Ccll,c Specific cake mass ωc Shear stress τ

SMP concentration SSMP Specific irreversible mass ωIv Membrane thickness δM

MLTS concentration XTS
Specific mass of soluble 
components in cake layer

ωcll,c Cake thickness δc

VS concentration XVS

Specific mass of soluble 
components in membrane 
pores

ωcll,po Biofilm thickness δbfm

NVS concentration XNVS Membrane porosity εM Pore tortuosity Tpo

VSS concentration XVSS Cake porosity εc Scouring air surface velocity vS

NVSS concentration XNVSS Hydrostatic pressure Phydro Permeate viscosity µF

MLSS concentration XTSS Suction pressure Ppump Water viscosity µw

Particle diameter dp Trans-membrane pressure TMP Bulk viscosity µblk

Mean Particle diameter d–p
Trans-membrane pressure 
due to the cake formation

TMPCF Permeate volume VF

Pore diameter dpo
Trans-membrane pressure 
due to pore blocking

TMPPB Membrane tank volume VMT

Mean pore diameter d–po Total resistance RT
Membrane porosity reduction 
coefficient

kεM

GAC particle diameter dGAC Biofilm resistance Rbf
Membrane pore reduction 
coefficient

kpoM

Cake density ρc Cake resistance Rc
Scouring parameter 
(dimensional)

kS

Biofilm density ρbf
Concentration polarization 
resistance

RCP
Scouring parameter 
(dimensionless)

kS

Bulk density ρblk
Irreversible fouling resistan-
ce

RIv Pore blocking parameter kPB

Permeate flow QF Membrane resistance RM

Probability of the particle 
being deposited on the 
membrane surface

Ep,M

Gas flow (cross-flow) QG Pore blocking resistance RPB General parameter kn
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To establish the subscripts that give rise to the nomenclature in Table 3, some proposals coming from Brepols et al. 
(2020) have been considered, e.g. Iv for irreversible, M for membrane mechanisms, and PB for pore blocking. The 
rest of the subscripts are established derived from full descriptions of the subscript, i.e. “bck” for blocked.

Table 3. Proposed nomenclature (X: refers to each state variable/model parameter)

Description Symbol Description Symbol

Mean X– Membrane Tank XMT

Bulk Xblk Permeate XF

Biofilm Xbfm Particle Xp

Back-flushing XBF Pore Xpo

Block Xbck Pore blocking XPB

Biomass Xbm Scouring Xs

Cake Xc SMP XSMP

Cake layer formation XCF Solids Xss

Concentration polarization XCP Total suspended solids XTSS

Colloidal Xcll Volatile Suspended solids XVSS

Drag force Xdrag Non-Volatile Suspended solids XNVSS

Gravity force Xg Total solids XTS

Gas XG Volatile solids XVS

GAC XGAC Non-Volatile solids XNVS

Irreversible Xiv Total XT

Lifting force Xlift Water Xw

Membrane XM

It can be seen that differentiation is not made between AnMBR and MBR neither between other membrane filtration 
systems (e.g. membrane photobioreactors, tertiary filtration, direct membrane filtration, etc.). Thus, the proposed 
framework of standardization aims to provide of general nomenclature and parameters for any filtration model 
applied within wastewater treatment sector. This indicates that despite the different characteristics of different 
biological processes, common filtration modelling can be proposed. Additionally, combined with Corominas et al. 
(2010), a general framework for integrated MBR modelling is available (examples not shown in this abstract).

CONCLUSION

From the proposed framework, it can be concluded that standardization of membrane filtration modelling is a 
necessary step in order to advance in filtration process modelling in wastewater treatment. A general proposal will 
improves the exchange of information between modelling professionals and researchers. The parameters included 
in the standardization are those considered to be the most common or general ones. However, from the proposed 
framework it is possible to easily extrapolate to define other more specific parameters that are considered in more 
mechanistic models.
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INTRODUCTION

Anthropogenic activities have been generating the progressive accumulation of organic compounds in water bodies. 
It is estimated that ca. 80% of wastewater returns to water sources without treatment, which have led to the fact that 
actually more than 30% of the worldwide population do not have access to drinking water (United Nations, 2021).

Textile industries play a fundamental role in the economic development of several countries. Nevertheless, they are 
one of the largest consumers of water, dyes, and chemical products. Textile wastewaters is a major pollutant 
characterized by high dye and organic matter load, intensive color and poor biodegradability (Technavio, 2016). This 
represent an enormous challenge for both academy and industry which are requested to develop and use efficient 
methods and technologies able to successfully eliminate organic matter, dyes, and toxicity.

The aim of this work was to assess the Electrocoagulation (EC)-Fenton coupled system as an alternative for the 
treatment of an industrial textile wastewater (ITW) contaminated with acid black 194 dye (AB-194, CAS No. 61931-
02-0). To our knowledge, there are no reports on the application of the EC-Fenton coupled process for the treatment 
of textile originated effluents contaminated with acid black 194 dye. ITW’s main physicochemical characteristics 
include: intense black color (ca. 45000 Pt-Co units); dye concentration ≈ 1000 mg/L; COD ≈ 3500 mg/L, Biological 
Oxygen Demand (BOD5) ≈ 700 mg/L, Total Suspended Solids (TSS) ≈ 70 mg/L, Sedimentable Solids (SS)

≈ 144 mg/L, Cr ≈ 30 mg/L, Total Organic Carbon (TOC) ≈ 1271 mg/L and pH ≈ 7.50. None of these qualities meet the 
discharge limits set by Colombian legislation (MADS, 2015). Moreover, the COD and BOD5 values imply a low 
biodegradability of the studied effluent (BOD5/COD ≈ 0.2 < 0.4). In addition, its Average Oxidation State (AOS = 
= -0.13), whose values vary between -4 (the most reduced state of carbon, in the form of CH4) and +4 (the most 
oxidized state of carbon, in the form of CO2) (Vogel et al., 2000), indicates the presence of reduced compounds in 
the effluent.

 AOS = 4 – 1.5 × COD (mg/L)
TOC (mg/L)

 (1)
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This work focuses on identifying the key points to apply the coupled EC-Fenton for the treatment of the ITW under 
study.

THEORETICAL FRAMEWORK

EC is an adaptable method for wastewater treatment based on the electrochemical dissolution of sacrificial metal 
electrodes (usually Fe or Al) into soluble or insoluble species that improve coagulation, adsorption and/or the 
precipitation of pollutants. Thus, in an electrolytic cell, the anode.

(M) is dissolved by electric current generating coagulant ions (M+n). Simultaneously, on the cathode surface, 
hydroxides (OH-) and gaseous hydrogen are generated. Subsequently, M+n and OH- ions react to form charged 
polymeric complexes or amorphous hydroxides which are responsible for the destabilization and/or removal of 
colloidal substances. Their formation depends on the pH of solution, current density, conductivity, the OH-/ M+n ratio 
and the type of ions in the solution. However, in some cases, EC cannot reduce COD below permissible limits, forcing 
the use of additional treatment. Fenton is an effective advanced treatment process. It is comparatively cheap and 
uses easy to handle reagents. It is usually operated under the solution pH value of 3. The hydroxyl radical (•OH) can 
be generated from the reaction between aqueous ferrous ions and hydrogen peroxide (H2O2). It can eliminate 
refractory and toxic organic pollutants in wastewater. Factors affecting Fenton process include: pH, Fe2+ concentration, 
H2O2 concentration, Chemical Oxygen Demand/H2O2 and Fe2+/H2O2 ratios. To determine the optimal operation 
conditions for the EC-Fenton coupled process, the treatment was carried out employing at first EC process alone and 
then treating its supernatant by Fenton process. In both cases, experimental design together with multivariable 
analysis was performed (Montgomery, 2013).

METHODOLOGY

The representative raw wastewater samples were collected from an equalization tank in a textile industrial plant 
located in coffee region-Colombia. The sampling corresponded to a production batch of around 10000 linear meters 
of textile dyed with AB-194. Raw wastewater samples and these resulting from EC and EC-Fenton tests were analyzed 
by triplicate. Standard methods (APHA, 2017) were followed for the quantitative analysis of color (SM 2120 B), dye 
concentration (absorbance measurements at 575 nm), COD (SM 5220 D), BOD5 (SM 5210 B), TSS (SM 2540 D), SS 
(SM 2540 F), Cr (SM 3111 B), TOC (SM 5310 B) and pH (SM 4500-H+ B). EC tests were performed using a 200-ml 
borosilicate glass-made batch jacketed cell, contained two vertical plate Fe electrodes, effective surface area of 20 
cm2, connected in a monopolar arrangement to a DC power source and operated in galvanostatic mode. The voltage 
and current density were measured with a multimeter. The treated effluent was stirred mechanically. All experiments 
were performed at 293 K. A D-optimal experimental design allowed evaluating the effect of two factors: current 
density (J, 10-60 mA/cm2) and conductivity (σ, 3-8.84 mS/cm) on EC performance (v.g., color removal (RColor), COD 
removal (RCOD) and operation costs). The statistical significance of the obtained experimental results (e.g., the 
factors and their interactions) was established by analysis of variance (ANOVA) for each response variable. The 
experimental results were fitted to second-order polynomial models (e.g., each response variable as a function of 
the factors and their double combinations). To determine the optimal operating conditions of the EC step, a restricted 
minimization-maximization dual problem was proposed and solved. This includes the fitted models, for each 
response variable to be optimized. The optimal operating conditions were experimentally validated with three 
independent experiments. The EC supernatant was then treated by the Fenton process. For the Fenton stage, at first 
the pH was adjusted with 5M sulfuric acid (H2SO4, 96.6% p/p purity, ACS Fermont). Then, ferrous sulfate (FeSO4.7H2O, 
99% p/p purity, Merck) was added, and the solution was homogenized for 5 minutes. Finally, hydrogen peroxide 
(H2O2, 30% W/W, Merck) was added. At constant agitation of 190 rpm, the process was carried out for 3 hours. After 
that, samples were taken for measurements of COD, color and remaining peroxide. A Central Composite Experimental 
Design, with two levels and three factors (v.g., ferrous ion concentration [564-2000 mg/L], hydrogen peroxide 
concentration [3153- 8000 mg/L] and pH [2.82-5.20]) were developed. Data analysis followed the above-mentioned 
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guidelines used for the EC. The contaminant removal percentages (Rcolor and RCOD) and the operating costs 
(COpTEC, COpTFenton and COpTEC-Fenton) were calculated according to the following expressions:

RColor[%] = colori – colorf

colori
 × 100

RCOD[%] = CODi – CODf

CODi
 × 100

 COpTEC 3
USD
m3 4 = PElectricity × EElectricity × PSalt × CSalt × PSludge × CSludge × PFe,electrodes × CFe,electrodes (2)

COpTFenton 3
USD
m3 4 = PFeSalt

 × [PFeSalt
]

PzaFeSalt

 = PH2O2
 × [H2O2]

PzaH2O2

COpTEC-Fenton 3
USD
m3 4 = COpTEC + COpTFenton

where: PFeSalt
, PH2O2

, PElectricity, PSalt, PStudge and PFe, electrode represent in the prices of FeSO4 × 7H2O (0.518 USD/kg), hydrogen 
peroxide (0.475 USD/kg), electricity (0.176 USD/kWh), support electrolyte, NaCl (0.21 USD/kg), the treatment and of 
the sludge disposal (0.0398 USD/kg), iron electrode (1.198 USD/kg); PzaFeSalt

are PzaH2O2
 denote the purity of iron salt 

and hydrogen peroxide expressed in mass fraction; EElectricity, Csalt, CSludge, and CFe,electrode represent energy consumption 
(kWh), concentration of support electrolyte (1.9 kg/m3), sludge generated (2.33 kg/m3), iron electrode consumed 
(1.35 kg/m3).

RESULTS AND CONCLUSIONS

The optimal operation conditions for EC treatment were defined using four different objective functions as follows: 
(i) Max(RCOD); (ii) Max(RColor); (iii) Min(Costs); and (iv) Max(RColor, RCOD) & Min(Costs). They are illustrated in Figure 1 
(left). Notice that different pathways can be taken for RCOD or RColor maximization. However, only one condition was 
determined for the combined maximization-minimization problem. Their correspond to the following EC operating 
conditions: current density = 29.12 mA/cm2, conductivity = 3.31 mS/cm, and pH = 3. They allow RCOD = 61% and 
RColor = 99% to be archived at a cost of 2.91 USD/m3 (COpTEC). The optimization of Fenton step was only restricted to 
RCOD, since color was almost completely removed by EC step. Figure 1 (right) represent the optimization analysis. 
Thus, 939 mg/L of ferrous ion, 1500 mg/L of H2O2 would allow meeting Colombian permissible discharge limits (v.g., 
reaching global RCOD = 81% and RColor = 99%) at a total cost of 6.88 USD/m3 (COpTEC-Fenton). Additionally, the coupled 
EC-Fenton process increased the Average Oxidation State of wastewater from a -0.13 (for ITW) to 1.14 (EC 
supernatant) and 3.16 (for EC-Fenton supernatant).
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Figure 1. Optimization of the sequential process for removal Acid Black 194.
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INTRODUCTION

As the general demand of water is constantly increasing, the service sector is facing new challenges to ensure the 
sustainable supply of water. Fortunately, different reclamation strategies are being developed to promote the water 
reuse by removal of potentially hazardous contaminants (biotic and abiotic) for humans, animals, and the 
environment. Therefore, it is important to give access to technologies that can surveil wastewater related parameters 
and contaminants in a simple and effective manner.

OBJECTIVES

This project takes advantage of new technologies to improve water safety control plans that will contribute to fulfill 
the regulations. The implementation of novel tools for the rapid microbiological assessment of reclaimed waters 
gathers two recent cutting-edge technologies: i) massive sequencing of nucleic acids (metagenomics) to unveil the 
microbial composition (Prokaryotes and Viruses) and the genetic content of environmental samples; and ii) 
microfluidics qPCR that allows the simultaneous screening of up to 192 marker genes in several water samples.

METHODOLOGY

During the first stage, reclaimed water samples were systematically collected from a wastewater treatment plant 
(WWTP) in Alicante and analysed through metagenomics. Sampling points include the water effluent from secondary 
treatment (sampling site RL_B), and two basins that are used to produce different types of regenerated water fitting 
the current regulation (RD 1620/2007): irrigation water for agriculture (RL_C); post-treatment water for urban uses 
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(RL_D) (Fig. 1). Reclaimed water samples were processed for total nucleic acid extraction, followed by high-
throughput sequencing of environmental DNA. Each metagenome was individually assembled into contigs, followed 
by their taxonomic classification, gene predictions and protein annotations. Finally, candidate marker genes, such as 
antibiotic resistance genes (ARGs) and virulence factors (VFs), for pathogenic microbes and other bio-contaminants 
of anthropogenic origin (Chu, 2018) were retrieved using a flow chart implemented in house. Next, relevant marker 
genes will be used to define qPCR primer pairs that can be implemented in a customized microfluidic qPCR assay 
(Sandberg, 2018).

Figure 1. Flowchart describing the course of wastewater in a WWTP in Alicante. The selected sampling sites for this study are 
the effluent of water from the secondary treatment (B) and two points during the water regeneration according to its usage: 

irrigation water (C) and water for urban use (D).

RESULTS

The analysis of the prokaryotic composition showed consistent populations among sampling sites. The community 
appeared largely dominated by the phylum Proteobacteria (~53%), followed by Actinobacteria (~12.5%) and 
Bacteroidetes (~5.4%), and little variations in relative abundances were mostly related to environmental bacterial 
species (Fig. 2). Metagenomic data unveiled several candidate marker genes (Table 1-2), which are suitable for 
prototyping custom microfluidics qPCR assays. The presence of aadA, bla-OXA, tetX, sul2 or vanR genes confirms 
that ARGs persist over the water depuration processes, as well as VFs that were related to defense mechanism such 
as adherence factors, immune modulators, motility structures or stress survival factors, among others (Fig. 3). 
These results indicate that reclaimed waters contain accessory genetic elements that might provide valuable 
information on general water quality and on spread of bio-contaminants once identified through qPCR.
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Figure 2. Relative abundances of most represented bacterial phyla and classes. Bar plots depict the relative abundances of 
bacterial classes among top represented phyla basing on CPM values (Count Per Million of reads and per assembled contig).  

The microbial composition appears consistent between samples. Contigs relative to Actinobmycetia, Flavobacteria,  
and Betaproteobacteria classes are the most abundant over all sampling sites, and variations are related to environmental clades 

(e.g., increasing Cytophagia in the sample RL_D).

Table 1. Number of candidate target ARGs for microfluidics qPCR assays. Identified genera and number of target ARGs are 
shown. Additionally, CPM values (average CPM when #ARG > 1) are reported for the three sampling sites.

Genus ARGs RL_B RL_C RL_D

Acinetobacter 4 0.9 0.8 0

Aeromonas 1 0 0.1 0

Corynebacterium 1 0 0 1.6

Escherichia 1 0 0 0.6

Klebsiella 2 0 1.7 0

Mycobacterium 4 0 2.4 4.8

Pseudomonas 5 0.7 2.1 0.6

Vibrio 1 0.0 1.3 0
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Table 2. Number of candidate target virulence factor (VF) for microfluidics qPCR assays. Identified genera and number of target 
VFs are shown. Additionally, CPM values (average CPM when #VFs > 1) are reported for the three sampling sites.

Genus VFs RL_B RL_C RL_D

Acinetobacter 4 1.7 0.4 0

Aeromonas 53 0.8 0.8 0

Burkholderia 2 0 0.8 0

Mycobacterium 10 2.0 2.5 1.3

Pseudomonas 4 0.2 0.7 0

Yersinia 3 0 3.6 1.8

Figure 3. Abundance of antibiotic resistances genes (ARGs) and virulence factors (VFs) according to each sampling site. 
Histograms depict abundances (number of genes per sample) of potential targets for developing the microfluidics qPCR assay.

CONCLUSIONS

Metagenomics of a wastewater treatment plant has proved invaluable in identifying candidate marker genes, either 
ARGs or VFs, and enable the design of panels of genes susceptible for being quantified by qPCR (Paulus, 2019). Our 
results demonstrate that combinations of these technologies are effective to evaluate the microbiological and 
genetic content of reclaimed water quality and push forward the efforts to improve accuracy and sensitivity of 
analytical protocols. This proof-of-concept demonstrates the utility of environmental genomics and the potential of 
high-throughput qPCR for the assessment of reclaimed water, facilitate decision making and enables the evaluation 
of new contaminants and factors of interest that are currently not regulated.
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INTRODUCTION

Short-chain organic acids (SCFAs) are widely used in chemical and food industries (Sprakel and Schuur, 2019). 
However, the production of a large part of these SCFAs depends on fossil raw materials (Cárdenas and Cárdenas, 
2020). Therefore, it is necessary to develop sustainable ways of production from renewable sources. In this sense, 
waste activated sludge (WAS) can serve as a renewable feedstock for SCFAs production through degradative 
hydrothermal processes, such as wet oxidation (WO). Subsequently, the SCFAs can be recovered after pre-purification 
by liquid-liquid extraction (LLE).

Aim of this work

The objective of this work was to optimize the production of SCFAs from hydrothermally treated WAS. To this end, 
the oxidized WAS was pre-purified by ultrafiltration, and then, the SCFAs from the permeate were extracted by LLE.

MATERIAL AND METHODS

Optimization of SCFAs production by WO

Thickened WAS was collected from a wastewater treatment plant located in Mieres, Spain. The partial WOs 
experiments were performed in a 1 L 316 SS batch reactor (Parr Instrument Co., Moline, IL.) with a stirring of 150 
ppm, at a constant flow rate of 1600 mL/min of saturated oxygen, and at a pressure of 40 bar. The reaction was 
carried out neither pH adjustment nor addition of catalyst. Temperatures from 160 ºC to 200 ºC were tested for a 
total reaction time of 5 h. Samples were collected at different intervals of time to determine the evolution of SCFAs 
production and degradation throughout the treatment.

Membrane filtration

Tubular mono-channel ZrO2-TiO2 membranes of 50 and 1 kDa (TAMI Industries, France) were used for the experiments. 
The permeate obtained after the filtration with the 50 kDa membrane was used as feed for the filtration with the 1 
kDa membrane. The membranes had a length of 604 mm and an internal diameter of 6 mm. All filtration experiments 
were performed at 50 ºC, at a transmembrane pressure of 400 kPa, and a cross-flow velocity of 3 m/s. Total 
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recirculation (TR) and volume concentration (VC) modes were tested to evaluate the membrane fouling evolution 
with time and the effect of concentration on fouling development, respectively. Hermia’s models were used to assess 
membrane fouling (Collado et al., 2020).

Liquid-liquid extraction

Different solvents were tested for the LLE, obtained by dissolving trioctylamine (TOA), tributilphosphate (TBP) and a 
50:50 (v/v) TOA/TBP mixture from 10% to 40% (v/v) in octan-1-ol. The different solvents employed were referred to 
under consideration of the extractant and its concentration (e.g., TBP40 is mixture of TBP at 40% in octan-1-ol).

The extractions were performed at 25 ºC by mixing the 1 kDa permeate with the solvent in a proportion 1:1 (v/v) and 
stirred overnight to ensure that the equilibrium was reached.

RESULTS AND DISCUSSION

Optimization of SCFAs production by WO

In all cases, the concentration of SCFAs increased with time due to the oxidation of larger biopolymers into these 
compounds) until it reached a plateau, and then started to decrease from this point onwards, as the SCFAs started 
to be degraded (Fig. 1). The SCFA produced at higher concentration was acetic acid, the maximum value being 
aproximately 2830ppm (at 200 ºC for 240 min). It should be noted that higher temperatures favoured the formation 
of volatile acids, such as acetic acid. The highest concentration of total SCFAs (~6070 ppm) was reached at 160 ºC 
after 240 min, so the subsequent experiments were performed with the WAS being oxidised at these conditions.

Figure 1. Production of oxalic ( ), maleic ( ), pyruvic ( ), lactobionic ( ), malic ( ), lactic ( ), formic ( ), acetic ( ) and propionic 
( ) acids by wet oxidation of WAS at 160 (a), 180 (b) and 200 (c) ºC.

Membrane filtration

Mean fluxes of 49.3 (TR) and 17.0 (VC) L/m2h were obtained with the 50 kDa membrane, and 9.8 (TR) and 3.8 (VC) 
L/m2h with the 1 kDa membrane. Hardly any retention of SCFAs was observed with the 50 kDa membrane, and even 
negative retentions occured for some SCFAs, presumably due to the Donnan effect. The 1 kDa membrane significantly 
retained oxalic, lactobionic, formic, maleic and malic (Table 1), although in both cases the color number retentions 

barraquete
Nuevo sello



Oxidised waste activated sludge as a source of organic acids    153

Congreso YWP SPAIN, 2022. Valencia

were higher (around 50% and 85%, respectively), indicating a pre-purification of the organic acids in the permeate 
with both membranes. According to Hermia’s models, the membrane fouling was predominantly due to cake 
formation (Fig. 2), a reversible fouling that can be removed by physical methods (Di Bella and Di Trapani, 2019).

Table 1. Rejection coefficients obtained for the analysed SCFAs with the 1 kDa membranes.

SCFA Rejection coefficient

Oxalic 0.45

Maleic 0.24

Pyruvic 0.00

Lactobionic 0.40

Malic 0.09

Lactic –0.09

Formic 0.23

Acetic –0.04

Propionic –0.06

Figure 2. Evolution of permeate flux ( ) during TR ultrafiltration with 1 kDa membrane, and flux predictions according to the 
models of cake formation ( ), standard pore blockage ( ), complete pore blockage ( ) and intermediate pore 

blockage ( ).

Liquid-liquid extraction

The highest extractions of organic acids were achieved with the mixture of TOA and TBP at 10% and 40% in octan-
1-ol, obtaining 3.5 and 3.1 g/L of total SCFAs, respectively; that is, 77.5% and 68.5% of the total organic acids present 
in the permeate obtained after filtration with the 1 kDa membrane (Fig. 3).
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Figure 3. LLE of oxalic ( ), maleic ( ), pyruvic ( ), lactobionic ( ), malic ( ), lactic ( ), formic ( ), acetic ( ) and propionic ( ) 
acids with the proposed extractants.

CONCLUSIONS

The WO of WAS at 160 ºC and 240 min allowed to obtain 6g/L of total SCFAs. Pre-purification with 50 and 1 kDa 
membranes proved to be effective, removing up to 87% of the colour number. The highest extractions were achieved 
with TOA+TBP at 10% in octan-1-ol, extracting 77.5% of the SCFAs.
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INTRODUCTION

In recent years, the search for new and sustainable municipal wastewater treatments has encouraged the research 
and development of new technologies as an alternative to energy-intensive conventional secondary treatments. 
Among the different options, direct membrane ultrafiltration (DUF) stands out for being a simple and small footprint 
system, which is capable of producing two streams of great interest (Nascimento et al., 2020):

• A filtrated reclaimed effluent that can be reused for irrigation.

• An up-concentrated reject that can be anaerobically digested in order to produce energy (i.e. biogas) under 
more advantageous conditions.

However, the absence of biological organic matter degradation favours severe membrane fouling as a consequence 
of the high content of soluble, colloidal and particulate foulants. Therefore, new strategies focussed on periodical 
physical and chemical cleanings should be adopted. In the present work, the performance of direct membrane 
ultrafiltration for treating high-load municipal wastewater (MWW) at laboratory scale has been assessed. Chemical-
enhanced backwashing (CEB) by NaOCl and citric acid solutions at different concentrations and frequencies and 
long term operation (≈ 650 h) was also essayed.

MATERIAL AND METHODS

MWW ultrafiltration was performed with the primary effluent of the Noreste wastewater treatment plant (Tenerife, 
Canary Islands, Spain) at lab-scale in the experimental unit described by Ruigómez et al., 2022. This lab unit was 
equipped with a conventional ZW-1 hollow-fiber membrane module (SUEZ Water Technologies and Solutions, 
Ontario, ON, Canada). The ultrafiltration membrane has an average pore size of 0.04 μm and a nominal surface area 
of 0.047 m2. A long term run was carried out at permeate flux (J) of 8 L · h-1 · m-2 and backwashing initiation under 
the following conditions: JB = 30 L · h-1 · m-2 and tB = 30s applying transmembrane pressure set-point (TMPsp) mode. 
In accordance to previous studies (Ruigómez et al., 2016), transmembrane pressure was set at 30 kPa. In addition, 
CEB was performed at JB = 30 L · h-1 · m-2 during 5 min with each chemical solution. The influence of this operation 
mode on permeate quality was regularly monitored by the classical physic-chemical parameters as: chemical oxygen 
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demand (COD), dissolved organic carbon (DOC), total suspended solids (TSS), volatile suspended solids (MLVSS) 
and turbidity. All of them were determined according to the Standard Methods (APHA, 2005).

RESULTS

Figure 1 shows the transmembrane pressure evolution with the elapsed time during the direct ultrafiltration of 
municipal wastewater and Table 1 summarizes the frequency and chemical concentration of the imposed CEBs. The 
results indicate that daily maintenance CEB with 250 mg/L of NaOCl (stage I) was not effective, but membrane 
fouling built-up was slightly delayed. Therefore, it was observed a significant reduction of the filtration cycle time (tf). 
This behaviour was more pronounced after two days without CEB (i.e. during the weekend), where tf was significantly 
reduced to values comprised between 3-4 minutes after 150 hours of operation (Jnet ≈ 2.5 L · h-1 · m-2). In fact, despite 
doubling the number of chemical cleanings with NaOCl per day, the membrane fouling continued to increase until 
reaching tf values of 2 min (Jnet ≈ 1.0 L·h-1·m-2).

Figure 1. Transmembrane presure evolution with the elapsed time. Red arrow: NaOCl dosage; Green arrow: Citric acid dosage; S: 
Stage; Space between dot lines: weekends.
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Table 1. Conditions of chemical cleaning solutions and procedures performed as CEB.

Experimental 
period NaOCl NaOCl Citric Acid Citric Acid

Day 0.2 g/L 0.5 g/L 2 g/L 6 g/L

Stage I 1 – 4 Once per day — — —

Stage II 7 – 8 Twice per day — — —

Stage III 9 Twice per day — — Once per day

Stage IV 10 – 11 — Once per day Once per day —

Stage V 14 - 15 — Once per day — Once per day

Stage VI 16 - 25 — Twice per week — Twice per week

Subsequently, CEB with NaOCl and citric acid (500 mg/L and 6 g/L, respectively) was performed (stage II), which 
allowed a partial recovery of the membrane permeability. These results suggest that inorganic compounds played a 
significant role on membrane fouling. Then, a stage with citric acid (2 g/L) was incorporated once per day during the 
CEB (stage IV). In addition, the two daily dosages of NaOCl at 250 mg/L were replaced by a single one at 500 mg/L. 
Although this chemical cleaning strategy was effective, a progressive reduction of the filtration cycle length from 
approximately 20 to 10 min was reported. Finally, in stages V and VI, citric acid concentration was increased until 
6 g/L. At these concentrations, the results suggest that the combination of chemical reagents allowed stable and 
sustainable filtration conditions over time, obtaining an average value of Jnet (7.1 ± 0.5 L · h-1 · m-2) very close to 
applied permeate flux (J), even when CEB was spaced out twice a week. Concerning membrane final fouling 
fractionation evaluated at the end of the experimental run, the results revealed that approximately 70% of the 
fouling was reversible, and could be detached by physical cleanings. However, more than 20% of the remaining 
fouling fraction could not be removed with NaOCl and implies the needed of citric acid dosage during CEB for 
successful performance.

CONCLUSIONS

DUF preliminary results suggests a strong contribution of the inorganic compounds present in MWW to the reported 
membrane fouling. Therefore, CEB with NaOCl is not enough to control membrane fouling and its combination with 
citric acid (6 g/L) results critical for allowing a sustainable operation.
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Microplastics (MPs) are plastic particles with a diameter smaller than 5mm, can be classified into primary MPs and 
secondary MPs. Primary MPs refer to plastic particles produced in early stages of production, are commonly used 
in personal care product, medicines or textile industry (Syranidou & Kalogerakis, 2022), and secondary MPs are 
generated by degradation and fragmentation of larger plastic particles into smaller ones (Liu et al., 2022).

Wastewater treatment plants (WWTPs) are a pathway of MPs discharge into the environment (Cole 2011). Several 
studies have quantified the abundance of MPs in different lines of WWTP, and it has been reported that the 
concentration of MP in wastewater influent varied from 15.7 MP/L (Murphy et al., 2016), to 443.0 MP/L (Van Do et 
al., 2022), while in the effluent from 0.25 MP/L (Murphy et al., 2016), 1.05 MP/L (Lares et al., 2018). Also, the 
concentration of MPs in the sludge varied from.

1.0 to 24.0 (MP larger than 10 µm) and 4.19 to 15.38 (MP larger than 45 µm) MP/g dw sludge (Alavian Petroody et 
al., 2021), 101 ± 19 MP/g dw sludge (Edo et al., 2020).

The purpose of this study is to assess the abundance of MPs in the influent, effluent and sludge from five reference 
WWTPs of Comunitat Valenciana (Spain), to evaluate the importance of these facilities as pathways for dispersion 
or concentration of MP, identifying its removal capabilities. In addition to analyse the distribution of microplastics 
along the Comunitat Valenciana. The samples tested in this study were collected from five different WWTP, with 
different treatment capacity and influent composition.

The quantification of MP was carried out applying a methodology developed by the authors. This methodology is 
divided in three stages: 1) Sampling, 2) pre-treatment and 3) quantification. In the first stage ten samplings were 
collected for each of the WWTPs (one sample per month), for each sample was collected 2L of influent, 5L of 
effluent and 20g of sludge. In the pre-treatment, the MPs were extracted from wastewater and sludge samples by 
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digestion (H2O2) and density separation (ZnCl2). In the final stage, the pre-treated samples were exposed to Nile red 
staining dye solution and photographed under a fluorescence stereo microscope (Leica M80), and finally, MPs were 
quantified using a script for automatic quantification and characterisation of MP developed by the authors.

Table 1 shows the abundance and removal efficiency of MPs at the five WWTPs studied. The abundance of MPs in 
influent, effluent and sludge varied between 1.34-18.93 mg/L, 1.17-2.34 mg/L and 25-210 MP/g dw sludge, 
respectively, and the MPs removal rate from wastewater varied between 78.84-92.24%, the highest MPs removal 
rates was obtained for WWTP 3 (92.24%). These results are consistent with other studies of MPs (Tang et al., 2020) 
(Murphy et al., 2016) (Lares et al., 2018). The high concentration of MPs in the sludge, and the hight removal efficiency 
in the wastewater, indicated that the most MPs were retained in the separation processes based on settle ability, 
thus accumulating in sludge. The results obtained show that WWTPs are essential facilities in the prevention of 
pollution of water bodies. However, the sludge generated in the treatment process can become a source of MPs 
pollution.

Table 1. MPs abundance in wastewater influent, effluent and sludge and removal efficiency of MPs in WWTP.

WWTP Sludge
(MP/g dw)

Influent
(MP/L)

Effluent
(MP/L)

MP removal in
wastewater (%) References

WWTP 1 138 7.65 1.62 78.84 This study

WWTP 2 210 18.93 2.34 87.62 This study

WWTP 3 71 14.17 1.10 92.24 This study

WWTP 4 25 10.20 1.67 83.59 This study

WWTP 5 78 38.37 4.59 88.03 This study

WWTP Wuhan — 23.3 ± 2.0 7.9 ± 1.1 66.1 (Tang et al., 2020)

WWTP Scotland — 15.7 0.25 98.4 (Murphy et al., 2016)

WWTP Finland 23 57.6 1.05 98.3 (Lares et al., 2018)

WWTP Spain 101 ± 19 — — — (Edo et al., 2020)

The size distribution of WWTP 1 is shown in Figure 1. In this Figure it can be seen that particles under the higher 
range (0-160µm) comprised 67%, 77%, 68% in the influent, effluent and sludge samples, respectively. In the highest 
range (640-800 µm) only MPs was detected in the influent (6%) and sludge (1%). The size difference between influent 
and effluent may be caused by fragmentation during the processes carried out in the WWTPs. Furthermore, it is 
observed that the size distribution of MPs detected in the sludge is larger than the particle distribution in the 
wastewater, which may be due to the fact that larger particles are retained in the sludge during the treatment process.
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Figure 1. Size distribution in influent, effluent and sludge of WWTP 1.

The size distribution histogram with a superimposed lognormal distribution fitted to the collected data from WWTP 1 
is shown in Figure 2, for both the influent (A, B) and the effluent (C, D). In both sampling points (influent and effluent), 
the smallest size represents the most prominent fraction and the abundance of MPs slowly decreased as their size 
increased. Although different size distribution models were evaluated to represent the collected data, it was 
established that the best quality of the fit to the data was the lognormal model.

Figure 2. Histogram of the size distribution of influent (A) and effluent (C) of WWTP 1. Log- normal probability fit plot of influent 
(B) and effluent (D).
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Resumen: El objetivo del presente trabajo es el desarrollo de un método para conocer la percepción de 
los usuarios sobre el servicio abastecimiento de agua municipal de manera sencilla, económica y 
objetiva utilizando el modelo de análisis MCDA basado en DEA. El modelo empleado permite conocer la 
valoración que los usuarios tienen del servicio de su municipio e identificar cuáles son las variables que 
los usuarios dan más importancia en dicha valoración y su capacidad de mejora. El modelo se ha 
aplicado a los municipios del área metropolitana de Valencia. Los resultados obtenidos pueden ser de 
gran utilidad para los gestores y responsables públicos para mejorar el servicio de agua.

Palabras Clave: Sistema de Soporte a la Decisión, Percepción del usuario, DEA, Gestión municipal del 
agua.

INTRODUCCIÓN

Conocer la percepción de los usuarios sobre el servicio de abastecimiento de agua es de gran importancia para los 
gestores y responsables públicos debido a que permite saber opinión de los usuarios y qué aspectos son los que 
más influyentes en su valoración. Dicha información puede ser utilizada para ofrecer un mejor servicio de manera 
que se pueda mejorar la eficiencia del mismo e incluir nuevos indicadores tal y como la Economía Circular indica. El 
objetivo de este estudio es desarrollar una herramienta a escala municipal para conocer la percepción del usuario 
de manera sencilla, objetiva y económica sobre el servicio de abastecimiento de agua.

MÉTODO

Para el cálculo de los índices compuestos se utilizó el modelo de análisis de decisión multicriterio (MCDA) con 
pesos comunes basado en el análisis envolvente de datos (DEA) propuesto por Hatefi y Torabi (2010). Las variables 
seleccionadas son: Rendimiento red, análisis conformes a la legislación, precio del agua, número de reclamaciones, 
número de actuaciones de operación y mantenimiento que suponen inconvenientes para los usuarios, y número 
total de interrupciones no planificadas (Krause et al., 2015; Molinos-Senante et al., 2016; Maziotis et al., 2017).
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RESULTADOS

El modelo anterior se ha aplicado a una muestra de 34 municipios del área metropolitana de Valencia. Los resultados 
indican la valoración que los usuarios perciben del servicio de agua en los municipios de la muestra tal y como se 
muestra a modo de ejemplo en la Tabla 1. A mayor puntuación tiene el municipio mejor percepción tiene el usuario 
del servicio de agua.

Tabla 1. Valoración del servicio de agua.

Municipio Puntuación Municipio Puntuación

Municipio 1 8,79 Municipio 4 7,76

Municipio 2 9,32 Municipio 5 9,38

Municipio 3 8,11 Municipio 6 8,93

El modelo utilizado permite conocer la capacidad de mejora de cada variable empleada en el análisis de la percepción 
global por municipio. En la Tabla 2 se observa un ejemplo de la capacidad de mejora que tiene cada variable por 
municipio.

Tabla 2. Capacidad de mejora del servicio de agua.

Sub-índices Municipio 1 Municipio 2 Municipio 3

Rendimiento red 9,51 5,52 2,88

Análisis conformes a la legislación (%) 1,69 0,00 1,88

Precio del agua 0,00 0,00 11,89

N.º de reclamaciones 44,18 0,00 0,00

N.º de actuaciones de operación y mantenimiento que 
suponen inconvenientes para los usuarios 7,24 21,93 6,84

N.º total de interrupciones no planificadas 0,39 0,33 0,14

Para poder interpretar los resultados obtenidos en la tabla anterior hay que diferenciar entre variables directas e 
indirectas. Las variables directas (Rendimiento red y Análisis conformes a la legislación) el valor de estas variables 
indica la cantidad que debe aumentar para mejorar la calidad global; mientras que las variables indirectas (Precio 
del agua, N.º de reclamaciones, N.º de actuaciones que suponen inconvenientes para los usuarios y N.º total de 
interrupciones no planificadas) el valor se interpreta como la cantidad a disminuir para mejorar la calidad global.

CONCLUSIONES

El modelo (MCDA) basado en DEA permite conocer la valoración que los usuarios tienen del servicio de su municipio 
del servicio de agua proporciona información de manera objetiva, sencilla y económica. Las variables seleccionadas 
aportan información completa de los aspectos más importantes y relevantes sobre la percepción del servicio para 
los usuarios combinando variables técnicas, económicas y sociales. Además, permite identificar cuáles son las 
variables que más importantes para los usuarios en dicha valoración y su capacidad de mejora. Los resultados 
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obtenidos permiten a los gestores y responsables públicos conocer qué aspectos deben priorizar para mejorar la 
percepción que los usuarios tienen del servicio de agua.
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INTRODUCCIÓN

En el esquema de tratamiento utilizado en la mayor parte de las estaciones depuradoras de aguas residuales (EDAR) 
actuales se degrada de forma anaerobia en torno al 60% de materia orgánica (MO) suspendida. La MO soluble, junto 
con el resto de la suspendida se eliminan de forma aerobia en el proceso de fangos activados. La aireación supone 
entre el 40 y el 75% de los costes energéticos totales de la EDAR (Longo et al., 2016).

Los procesos anaerobios no requieren un aporte de oxígeno, además, la degradación anaerobia de MO por parte de 
los microorganismos genera una corriente de biogás, formada principalmente por CH4 y CO2 que se puede emplear 
para cubrir parte de los gastos energéticos de la EDAR. Con el objetivo de valorizar una mayor cantidad de MO en la 
digestión anaerobia, se ha propuesto la inclusión de un proceso de filtración por membranas de la corriente efluente 
del decantador primario, permitiendo separar la fracción de MO soluble de la fracción suspendida y coloidal con un 
tamaño de partícula superior al tamaño de poro de la membrana. La inclusión de este proceso reduce el porcentaje 
de MO degradada de forma aerobia y permite la degradación anaerobia de la MO de la corriente de rechazo de las 
membranas (Hube et al., 2020).

El objetivo de este trabajo es el estudio del efecto que tiene sobre la digestión anaerobia la inclusión de un proceso 
de filtración en la línea de aguas. Para ello se ha operado un digestor anaerobio a escala de laboratorio alimentado 
con fango primario de la EDAR de la Cuenca del Carraixet (Alboraya, Valencia, España) y con el rechazo de la 
membrana de ultrafiltración de una planta piloto instalada en esa EDAR y alimentada con el afluente del decantador 
primario. También se estudió la filtración directa de agua bruta, alimentando en este caso el digestor anaerobio 
únicamente con el rechazo de la membrana.

MATERIALES Y METODOS

El digestor utilizado tiene un volumen total de 14 L y dispone de sondas de presión, pH, temperatura y potencial 
Redox para la monitorización y control del proceso. Este digestor se ha operado a lo largo de 70 semanas. El periodo 
experimental se ha dividido en tres sub-periodos en función del tipo de alimento utilizado: fango primario proveniente 
de la EDAR de la Cuenca del Carraixet (F1) en el Periodo I (P1), F1 junto con el rechazo del módulo de membranas 
de ultrafiltración (RM-UF) en el Periodo II (P2) y RM-UF en el Periodo III (P3). Las condiciones de operación se 
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muestran en la Tabla 1 y las características de los distintos alimentos empleados se muestran en la Tabla 2. En 
todos los casos se espesó el alimento del digestor hasta obtener una concentración de sólidos en suspensión (SST) 
próxima a 30 gSST/L.

Tabla 1. Condiciones de operación en el digestor anaerobio.

Periodo I Periodo II Periodo III

F1 F1 + RM-UF RM-UF

TRC d 20 20 20

CO gDQOinf · d-1 10,4 19,2 22,8

Temperatura ºC 35 35 35

Días de operación 147 222 122

Nota: F1 = Fango primario, RM-UF = Rechazo del Módulo de Membranas de Ultrafiltración. TRC = Tiempo de retención celular, 
CO = Carga orgánica a la entrada del reactor. DQOinf = DQO a la entrada del reactor anaerobio.

Tabla 2. Características de los distintos alimentos empleados según el periodo estudiado.  
Valores medios ± desviación estándar.

Periodo I Periodo II Periodo III

F1 F1+RM-UF RM-UF

DQO gDQO · L-1 36.3 ± 2.7 40.1 ± 4.9 47.7 ± 1.5

SST gSST · L-1 28.7 ± 2.5 25.8 ± 2.3 29.4 ± 0.9

SSV gSSV · L-1 22.3 ± 2.3 20.6 ± 1.4 25.4 ± 0.8

NT mgN · L-1 997 ± 180 1015 ± 167 1136 ± 223

PT mgP · L-1 272 ± 54 300 ± 30 452 ± 23

N-NH4 mgN · L-1 75 ± 24 100 ± 48 165 ± 41

P-PO4 mgP · L-1 53 ± 6.4 62 ± 21 74 ± 29

S-SO4 mgS · L-1 12 ± 5 21 ± 16 18 ± 13

Nota: F1 = Fango primario, RM-UF=Rechazo del Módulo de Membranas de Ultrafiltración. Durante el Periodo II las mem-
branas fueron alimentadas con agua efluente del decantador primario, mientras que en el Periodo III se alimentaron 
con agua bruta.

La planta piloto cuenta con un módulo de membranas de ultrafiltración (M-UF) con tamaño de poro de 0.03 μm 
siendo capaz de retener toda la MO suspendida y una pequeña fracción de la MO soluble.

RESULTADOS Y DISCUSIÓN

El digestor se inoculó con 6L de fango anaerobio procedente de la EDAR de la Cuenca del Carraixet y comenzó a 
alimentarse con F1 procedente de la misma EDAR en el P1. En la Figura 1 se observa el alcance del estado pseudo-
estacionario tras la estabilización de la MO soluble y de la fracción volátil de los sólidos en suspensión (SSV). En el 
P2 se aumentó el volumen de trabajo del digestor a 10L para mantener el TRC en 20 días tras la inclusión de la 
corriente RM-UF. Se produjo un aumento del 85% en la carga orgánica a la entrada del digestor (CO), lo cual no 
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ocasionó ningún desequilibrio en el proceso biológico, dado que no se observó la acumulación de MO soluble ni de 
ácidos grasos volátiles (AGV). Tras alcanzar el estado pseudo-estacionario, debido a problemas en la operación, se 
originó una pérdida paulatina en el volumen útil del reactor, llegando a operar durante 10 semanas a un TRC menor 
de 20 días (se alcanzaron valores de 10 días). Aparentemente, esta disminución del TRC afectó negativamente al 
proceso de hidrólisis, puesto que se produjo una acumulación de SST y MO en el digestor. En el P3 se alimentó el 
digestor únicamente con RM-UF manteniendo el volumen útil en 10L. En este caso el aumento de la CO respecto a 
P1 fue del 119%, lo cual sí afecto al proceso, pues el valor de la MO y de los SSV del fango anaerobio se estabilizaron 
en valores más altos que en los periodos anteriores (la MO total y el valor de SSV pasó de 17.7 gDQO/L y 11.2 
gSSV/L respectivamente en P1 a 24.1 gDQO/L y 14.5 gSSV/L respectivamente en P3).

Figura 1. Evolución temporal de la MO total y soluble medida como DQO y de los SSV del fango anaerobio según el periodo 
estudiado.

La biodegradabilidad anaerobia de la corriente alimento empleada en el digestor de la EDAR del Carraixet (mezcla 
de F1 y de fango biológico), obtenida mediante ensayos en batch, resultó del 46.4%. La inclusión del proceso de 
filtración por membranas en la línea de aguas de la EDAR supuso un aumento del 29.5% en la CO en el reactor 
anaerobio operado en este estudio (P2), lo que se tradujo en una producción de metano diaria de 3.2 LCH4·d-1, un 
35% más que el obtenido al emplear F1 más fango biológico en las mismas condiciones de operación.

Los resultados de eliminación de MO y biometanización (Tabla 3) no presentan diferencias significativas según el 
periodo estudiado. El mayor porcentaje de eliminación de DQO corresponde al P2 con un valor de 53.1%, mientras 
que el porcentaje de Biometanización más alto fue del 48% también en ese periodo. Sin embargo, la incorporación 
de la corriente de RM-UF en el P2 supuso un aumento del 85.6% en el caudal de metano producido diariamente 
respecto al P1, habiendo aumentado la CO en un 85%, y un 117% en el P3 tras aumentar la CO un 119% respecto al 
P1. La instalación del M-UF en la línea de aguas de la EDAR permite separar la MO coloidal de la soluble, aportando 
una mayor carga de MO biodegradable a la corriente de RM-UF frente a la de F1. El porcentaje de eliminación de SSV 
es elevado y se aproxima al de eliminación de DQO (Tabla 3). Se observó una mayor eliminación de SSV en el P1 
(50%) y P3 (43.1%) frente al P2 (40.7%) debido a la diferente relación SSV/DQO del alimento. Aunque en los 3 
periodos la concentración de SSV en el alimento era similar, la concentración de DQO era diferente. Los resultados 
muestran rendimientos de eliminación de DQO similares en los 3 periodos y, por tanto, diferentes porcentajes de 
eliminación de sólidos. La diferencia en los resultados no es significativa como para afirmar que incluir el M-UF 
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antes o después del decantador primario afecta al proceso anaerobio, su ubicación se decidiría en función de la 
calidad del permeado obtenido y el coste asociado al empleo de coagulantes.

Tabla 3. Resultados principales del proceso de digestión anaerobia según el periodo estudiado.  
Valores medios ± desviación estándar.

Periodo I Periodo II Periodo III

F1 F1 + RM-UF RM-UF

Rendimiento de Metano mLCH4 · gDQOinf
-1 167.9 ± 5.8 168.2 ± 7.2 165.8 ± 18.6

CH4 en el biogás % 66.9 ± 1.2 63.3 ± 0.7 76.9 ± 0.1

Eliminación DQO % 51.3 ± 5.5 53.1 ± 6.0 49.4 ± 21.6

Biometanización % 48 ± 5.8 48 ± 7.2 47.3 ± 18.6

Eliminación SSV % 50 ± 1.6 40.7 ± 2.7 43.1 ± 19.6

Nota: F1 = Fango primario, RM-UF = Rechazo del Módulo de Membranas de Ultrafiltración. DQOinf = DQO a la entrada del reactor anaerobio.
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The GUARDIAN project adopts a combined strategy based on the use of reclaimed water for fire mitigation and 
prevention in the wildland-urban interface of La Vallesa (Valencia, Spain). In this innovative demonstrative case for 
water reuse, a 10 m3/h water reclamation station (WRS) provides reclaimed water to the largest fire-defence system 
in Europe. The infrastructure includes 40 sprinkler towers, 11 km of distribution network and 5 storage tanks to 
protect from fire 2000 ha in the wildland-urban interface, affecting 15,000 inhabitants. When water is not needed for 
fire-defence purposes, produced water is used for the restoration of a wetland in the same area. This study presents 
the results at the end of the project, after 16 months of optimisation of the WRS and when the fire-defence 
infrastructure is completed.

BACKGROUND

The urban areas of Riba-Roja and Paterna share the protected wildland zone “La Vallesa”, which is part of the Natural 
Park “Parc Natural del Túria” and is located in a highly urbanised environment. The wildland-urban interface (WUI) 
between this park and these two cities is subject to the growing risk posed by forest fires, further impacted by the 
effects of climate change.

The GUARDIAN project (Green Urban Actions for Resilient Fire Defence of the Interface Area) seeks to meet this 
challenge adopting a combined strategy based on the use of reclaimed water for fire mitigation and protection, 
providing preventive irrigation and extinction water spraying patterns automatically programmed. This water-scarce 
area also presents high levels of pesticides in surface water bodies associated to agricultural activity, setting up a 
challenge for water reuse.

MATERIALS AND METHODS

The GUARDIAN WRS has been designed to continuously produce 10 m3/h of reclaimed water that is distributed 
through a reclaimed water distribution network that has been designed and constructed within the project. More 
than 11 km of pipeline and 5 storage tanks provide the fire-defence infrastructure with high-quality reclaimed water. 
The fire-defence system is based on the patented WUIProtect solution, product of a SME of that area (Figure 1). 
When water is not needed by the fire- defence system, the water produced in the WRS is sent to La Vallesa wetland. 
Water quality of this reservoir has been improved by replacing lower quality inlets by high-quality reclaimed water.
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Figure 1. GUARDIAN innovative solution for fire defence.

The GUARDIAN WRS is fed by the secondary effluent of the Camp de Turia II municipal WWTP. Aside from 
guaranteeing disinfection, the main purpose of the WRS is the removal of organic micropollutants, including 
pesticides such as Chlorpyrifos, whose concentration is above the allowed discharge limit for surface water bodies. 
A schematic diagram of the GUARDIAN solution is provided in Figure 2.

Figure 2. Process flow diagram of the main treatment units of the GUARDIAN WRS.

Operational parameters and quality of the effluents of the WRS have been continuously monitored during over 16 
months (December 2020-April 2022) to determine optimal operating conditions of the WRS. Additionally, quality of 
reclaimed water is monitored at different sampling points along the distribution network and the fire-defence 
infrastructure.

RESULTS AND DISCUSSION

Throughout the optimisation of the Guardian WRS, the parameters defined in Spanish legislation for water reuse (RD 
1620/2007) were evaluated, as well as other physico-chemical parameters such as organic matter and nutrients not 
directly covered by the legislation. Removal of UV254 absorbance ranged between 20-45% after ozonation, depending 
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on ozone dose. This value increased to 38-55% after sand filtration and to 44-58% after GAC filtration. Regarding 
microbiological contaminants, E.Coli was monitored during the piloting of the WRS at different doses of chlorine (3-
10 mg/L) and ozone (4-10 mg/L), as a control parameter to optimise the disinfection process. Other microbiological 
parameters were monitored, such as Clostridium Perfringens spores, Total coliphages or Legionella spp to ensure 
compliance with regulations and the absence of pathogens in reclaimed water and in the distribution system. The 
application of ozonation with subsequent chlorination ensured effective disinfection of the water.

10 pharmaceuticals and 5 representative pesticides were selected to assess the performance of the treatment in 
terms on OMPs removal. They were analysed in three campaigns in the inlet and the two outlets of the plant in 
summer, autumn, and winter. The WRS was able to reach high removals (>80%) for most of the analysed 
pharmaceuticals, even at low ozone doses. Overall, results are aligned with what could be expected, with higher 
removals after GAC filter as compared to sand/anthracite filter and with lower removals for specific recalcitrant 
compounds, such as Iopromide.

CONCLUSIONS

The GUARDIAN solution defends from forest fires an area of 2000 ha with around 15,000 inhabitants, setting up a 
precedent for an innovative use for reclaimed water. The WRS produces over 70,000 m3/year of reclaimed water 
from the effluent of a municipal WWTP by reducing concentration of OMPs and guaranteeing the safety of the water 
for both environmental and fire-defence uses.
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Mixers and reactors are well established systems in our industry, being of primary importance for the treatment of 
water and the manufacturing of compounds. During the last years, many authors have applied Computational Fluid 
Dynamics (CFD) to get a better understanding of their behaviour and try to optimize their efficiency. The momentum 
source approach allows to obtain accurate enough simulations at a low computational cost. However, the selection 
of the proper momentum source components is a cumbersome task. This work presents a novel methodology that 
combines CFD simulations and Machine Learning (ML) to provide the momentum source components of any propeller 
from a set of velocity measurements in a close region around it. Results show predictions of momentum source 
components very close to the original ones, generating CFD results in close agreement with the original velocity fields.

INTRODUCTION

Most industrial applications basing on the treatment of fluids need for devices able to activate and/or mix the fluid 
(Hemrajani, 2004) such as pumps, mechanical rotating mixers, fans, etc. Propellers are among the most used 
devices to this purpose, specially for water treatment. With the advance of the computational power, enormous 
amount of effort has been made to obtain Computational Fluid Dynamics (CFD) simulations that can reproduce the 
hydrodynamic effects of these elements as shown in Fig. 1 (Climent, 2019).

Figure 1. 3D view of the full-scale model corresponding to a wastewater treatment plant (a) and velocity contour  
at 1.5 m high (b).
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In this context, several approaches have been developed (Löhner, 1987; Murthy, 1994; Issa, 1994; Huang, 2013). 
Among these methods, the Momentum Source method allows to reproduce accurately velocity field by means of 
introducing a momentum source term in Navier-Stokes momentum equations in the subdomain volume where the 
propeller is acting (Gaden, 2010). As a counterpart, it is first needed to provide a momentum source value. Proposals 
basing on mechanistic models are difficult to implement in practice and are subject to strong approximations that 
limit their accuracy.

In this context, a novel method using ML has been tested by means of training a Deep Neural Network (DNN) to solve 
the inverse problem. That is, given a velocity field, the DNN will provide the momentum terms to give a simulation 
result as close as the original field. The use of AI has already been implemented in fluid mechanics with good results 
(Brunton, 2020).

METHOD

In the Momentum Source method, the propeller geometry is substituted by a cylindrical sub-domain inside the main 
domain that contains a momentum source term for each spatial component in the momentum equations. The 
momentum source vector can be expressed in cylindrical coordinates as M = Mrûr + Mtût + Mzûz. The purpose of this 
work is to obtain the three momentum components that represent a given propeller from a reduced set of samples 
of the velocity field around it.

First, CFD simulations serve to produce the so-called training set from where 200 velocity values will be sampled for 
each case. In these simulations, the flow domain is restricted to a 10° slice of a cylinder (surrounded by openings) 
to take advantage of the rotational symmetry of the problem. Then, a total of 500 cases were generated with different 
sets of momentum source terms uniformly distributed. The maximum allowed module was 5.000 kg m−2s−2, allowing 
positive and negative values, except for Mz. Also, Mz must be at least the half of the module of each set.

Second, a neural network is designed to learn the relationship between velocity values and momentum source 
components. This DNN follows the multi-layer perceptron class using non-linear activation functions (LeakyReLU 
function). The architecture consists of 7 hidden layers with 4 dropout layers between them to obtain the complexity 
required for the predictions needed and to minimize the overfitting problem, respectively. The input layer is composed 
by 600 neurons (three velocity components for every sampling point), while the output layer is formed by 3 neurons 
(one for each predicted momentum component). The input layer is split in 3 parallel layers of 200 neurons to account 
independently for each velocity component and enhance the final accuracy of the DNN.

Finally, the neural network is trained. From the original 500 cases, 400 were used to train the DNN using a mean 
squared error metric. The remaining 100 cases, where used to test the accuracy of the DNN. This testing was 
performed comparing the momentum terms predicted with the original ones.

RESULTS

The performance of the DNN is illustrated in Fig.2. Here, the predicted momentum components are compared to the 
actual ones for the 100 validation cases. The green line represents a line of 45 degrees where perfect predictions 
should match the true values, and the red one is the linear correlation marked by the predictions. The resulting 
slopes (0.96 for the axial component and up to 0.99 for radial and azimutal) and R2 values (ranging between 0.93 and 
0.98) indicate a strong predictive capability of the DNN.
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Figure 2. Comparison between predicted and actual momentum for the virtual experiment. Strong correlation isfound for the (a) 
axial, (b) radial and (c) azimuthal components.

To further illustrate the capability of the proposed DNN, Fig. 3 compares the velocity field for one of the validation 
cases. Fig. 3.a corresponds to the velocity field caused by the actual momentum source. Then, 200 velocity samples 
were taken and served as input to the DNN to infer the momentum source components. Fig. 3.b shows the velocity 
field caused by the predicted momentum. Note that both fields are almost identical.

Figure 3. Comparison between (a) actual and (b) predicted velocity fields for one of the cases.

CONCLUSIONS

This work has introduced a new methodology to obtain the momentum source components of propellers from 
‘experimental’ velocity values thanks to the advantages of ML. This method consists of training a DNN from a set of 
CFD simulations comprising momentum sources with a random distribution of its component values.

The performance of this DNN has been demonstrated in a virtual laboratory, where CFD simulations serve to obtain 
‘experimental’ velocities. The results show a remarkable agreement between original values and predictions, and 
velocity fields from original simulations and the ones generated from the DNN´s predictions.
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ABSTRACT

New efforts are increasingly directed towards the search for more sustainable designs for wastewater treatment 
plants (WWTPs), both in terms of energy recovery and the production of effluent of the highest possible quality. To 
this end, the application of anaerobic digestion allows the conversion of organic matter from wastewater to biogas 
which could be valorised energetically. However, this technology has been little implemented for domestic 
wastewater, due to its low organic matter content.

This work analyses the viability of membrane ultrafiltration for organic matter concentration from domestic 
wastewater in order to enhance its potential for biogas production. The ultrafiltration unit was operated at pilot scale 
and fed with real wastewater. The aim has been to obtain an energetically recoverable purge stream and an effluent 
suitable for secure discharge into environment, ensuring membrane fouling control.

In order to achieve this aim, a direct ultrafiltration membrane tank was fed with domestic wastewater previously 
treated by a sequence of grit removal, degreasing and fine screening. In this tank an immersed hollow fibre membrane 
was operated by vacuum outside-inside allowing to produce a rejection stream enriched on organic matter. The 
potential production of biogas by anaerobic digestion of this rejection stream and its biomethane potential were 
characterised by corresponding lab tests.

Membrane fouling developed by immersed ultrafiltration module was also studied. Membrane fouling can be a 
limiting factor, due to the high maintenance requirements associated to its permeability recovery. For this reason, 
different backwashing conditions associated with several aeration flow-rates jointly applied after each filtration 
cycle were essayed. These combined operation modes improved the frequency of periodical membrane cleaning 
and allowed to determine optimal and sustainable flow-rate for reducing maintenance requirements of the 
membranes.

Regarding to the obtained results, membrane backwashing aided by gas sparging removed the main membrane 
fouling allowing membrane operation for longer periods. And, therefore, it reduced the maintenance times and costs 
required. In fact, this study reported that a high aeration flow-rate associated with higher energy consumption is not 
really necessary, and air flow-rate around of 15 L/min is enough. At long term, the reversible fouling remained stable 
over time and the irreversible fouling, although it is higher at the beginning became similar to those obtained at lower 
aeration flow- rates, which consume less net energy.
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Regarding to the results about the energetic potential of the rejection stream purged from the membrane tank, 
anaerobic digestion tests revealed an estimated production of 346.03 L of CH4/kg of COD removed or 477.54 L of 
CH4/kg of SSV fed. This is a foreseeable option to produce biogas at ambient temperature from domestic wastewater.

Figure 1. Direct ultrafiltration pilot plant.

Figure 2. Membrane filtration cycles using a backwash aeration flow rate of 15 L·min-1.

ACKNOWLEDGMENTS

This study has been developed in the framework of 2017REC-25 project financed by Fundación CajaCanarias and 
Fundación La Caixa. The authors thank the collaboration from Tenerife Water Council, SACYR, SUEZ-WATER, SEGAI-
ULL, and TyRA: Tratamiento y Reutilización de Aguas-ULL research team and lab.

As well, E. Ferrera is grateful for the funding received from the grant program for non-doctoral research staff trained 
in the Canary Islands (FPI-ACIISI) from the Consejería de Economía, Industria, Comercio y Conocimiento and the 
European Social Fund.

barraquete
Nuevo sello



Assessing the effects of Global Change on ecological quality status of Mediterranean river basins    179

Congreso YWP SPAIN, 2022. Valencia

Assessing the effects of Global Change on ecological 
quality status of Mediterranean river basins

Antoni Mas-Ponce1*, Manel Isnard1, Sònia Sànchez-Mateo1, 2, 3, Eduard Pla-Ferrer4,  
Roberto Molowny-Horas4

1 Consorci Besòs Tordera (CBT), Granollers, Barcelona, Spain.
2 Fundació Rivus, Granollers, Barcelona, Spain.
3  Institute of Environmental Science and Technology - Autonomous University of Barcelona (ICTAUAB), 

Bellaterra, Barcelona, Spain.
4 CREAF-UAB, Bellaterra, Barcelona, Spain.
*Corresponding author: amas@besos-tordera.cat

Keywords: Ecological quality status, global change, Mediterranean river basins, monitoring programs.

STATE OF THE ART

Mediterranean river basins are exposed to a great water demand to meet the needs of the increasing population and 
other anthropogenic activities related such as the development of industry, intensive agriculture and tourism 
activities. In addition, these areas have strong inter-annual climatic variability mainly characterized by a dry period in 
summers, which represents an evident variability in rivers discharge annual regime, from permanent to temporal and 
a variation in the water quality status (Cuddenec, et al., 2007).

From this Global Change context, springs up the need to build new indicators to evaluate the impacts of Global 
Change in two Mediterranean river basins such as Tordera and Besòs river basins (North- East Iberian Peninsula). 
These two river basins are contiguous but have different hydrological regimes and population sizes, so pressures 
and impacts are diverse and are considered as two study cases which contributes to increase transferability to other 
Mediterranean river basins.

For that purpose, three main scopes are analysed three main scopes: the ecological through the evolution of the 
ecological quality status in both study areas (Figure 1); the anthropogenic, assessing the influence of wastewater 
treatment plants effluents on the ecological status (Mas-Ponce, et al, 2021) and exploring the main Global Change 
effects through Land Use Land Cover (LULC) changes; and the social, exploring relationships between local 
perceptions and ecological quality status.
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Figure 1. Results of the ordinal regression (lines) with a cumulative link model and the observations (points) for IBMWP (a),  
QBR (b) and IPS indices (c), from 1997 to 2017 for the different river courses (Headwater in red; Middle course in blue; and Lower 
course in green) of the Besòs (left) and Tordera river basin (right). Source: Own elaboration in R v. 3.1.2 through the water quality 

data compiled.

A model is run for developing the new approach, correlating water quality indicators stablished by the Water 
Framework Directive (2000/60/EC) such as biological indicators (macroinvertebrates, riparian vegetation and 
diatoms), physicochemical indicators (ammonium, nitrates, nitrites, phosphates and conductivity) to assess the 
ecological status of the water systems with the Land Use and Land Cover Changes Analysis (forest grassland and 
shrubs, urban, bare forested soil, crops and continental waters areas). In addition, climatic and topographic variables 
such as the slope, the altitude and the Water Availability Index (WAI) were added to this model as important 
explanatory variables to the variation of the water quality indicators.
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STUDY AREAS AND METHODS

The Tordera and Besòs river basins have a typical Mediterranean hydrological regime and are located in the North 
East of Catalonia with a total surface of 898 km2 and 1,038 km 2, respectively.

The Tordera river, with a total length of 61 km, springs at the Montseny Biosphere Reserve at an altitude of 1,700 
m.a.s.l. (Mayo, et al., 2008) and it comprises three main European biogeographical regions (Mediterranean, 
Eurosiberian and Boreoalpine) in a relatively reduced area. The presence of Natural Protected Areas in the upper 
course and the pressures derived from human activities of different typology, especially those derived from strategic 
mobility infrastructures, such as the High-Speed Train (AVE, in its Spanish initials) or AP7 (the motorway which 
connects Spain and France), in the medium course; and agriculture and massive tourism activities at the lower 
course, make the Tordera river basin an ideal socio-ecological monitoring area.

From a hydrographical point of view, the Besòs river basin has a ramified fluvial structure composed by smaller river 
basins: Mogent, Congost, Tenes, Caldes, Ripoll and Besòs rivers. The total length of these six main rivers is 530 km. 
During the 1960s and 1970s decades, the Besòs river basin underwent a great industrial development and also a 
demographical increase, which provoked an abusive use of the rivers with several consequences (e.g. decrease in 
water levels due to the increase of water extraction for domestic and industrial uses). Besòs river basin is mostly 
included in the Metropolitan Area of Barcelona (AMB) comprising a high density of population at its medium and 
lower courses (Figure 2).

Figure 2. Besòs (left) and Tordera (right) river basins location maps. Source: Own elaboration from Agència Catalana de l’Aigua 
(ACA) and Consorci Besòs Tordera (CBT) data.
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Data compilation: long-term monitoring program (Observatori Rivus)

To analyse the evolution of the ecological quality status of Besòs and Tordera river basins, a compilation data of the 
indicators used for the assessment was performed. The data compilation was mainly focused on the research 
project of Observatori Rivus. This long-term monitoring program, which started in 1996, has as main goal the 
monitoring of biological, hydromorphological and physicochemical indicators to obtain long-time data series. Those 
datasets, in turn, allow the assessment of the ecological context of Tordera river basin and in 2000, considering the 
transposition of the WFD. In particular, the biological and hydromorphological indicators data of the Besòs river 
basin from 1997 to 2017 were collected in Carceller et al. (1999) and Sànchez-Mateo et al. (2017).

In addition, this project also assesses the biological communities of other taxonomic groups which are not included 
in the WFD but that bring information about the ecological status of the fluvial systems, such as amphibians, aquatic 
reptiles, birds and aquatic mammals (e.g. otter).

GENERAL CONCLUSIONS

From all, building a new tool for assessing the Global Change effects of Mediterranean river basins allows to acquire 
a broader vision. The results of this research proved that considering the selected drivers the ecological quality 
status of the different water bodies could be different in a positive and/or a negative sense. This research could 
become as a key tool for the future RBMP which allows to find out the areas where to focus the efforts to implement 
management and restoration plans.
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INTRODUCTION

The increasing world population results in higher consumption of natural sources and waste production. Thus, it is 
essential to develop technologies that support the circular economy paradigm, where waste streams are conceived 
as a source of energy, nutrients and chemical products rather than a source of pollution (Puyol et al., 2017). A key 
biotechnological process in future resources recovery facilities (RRF) is mixed-culture fermentation. This 
biotechnology transforms organic waste into biodegradable organic compounds like volatile fatty acids (VFA), 
alcohols and lactic acid. Subsequently, these compounds can be utilised by other biotechnologies in the RRF to 
produce high value-added products. In most acidogenic fermentation publications working at slightly acidic pH (pH 
of 5.0-6.0), a maximum products concentration of around 5 gCODacetic/L, 6 gCODpropionic/L and 9 gCODbutyric/L have 
been observed (Fernández-Domínguez et al., 2020; Garcia-Aguirre, 2019; Vidal-Antich et al., 2021). These results 
suggest that product concentration and associated inhibition could be controlling the acidogenic fermentation yield 
and product selectivity.

The goal of this study was to explore the product inhibition in acidogenic co-fermentation using waste activated 
sludge (WAS) as the main substrate and dog food (DF) and cellulose (CEL) as co-substrates. To investigate the 
product inhibition, three co-fermentation tests were carried out with different initial concentration of acetic, propionic, 
and butyric acid.

MATERIALS AND METHODS

WAS was collected from a municipal wastewater treatment plant from the Barcelona metropolitan area (Spain). 
Microcrystalline CEL (Thermo Fisher Scientific) or DF (previously crushed) were used as co-substrates. Anaerobic 
co-fermentation batch assays were performed in 250 mL serum bottles at 35 ºC. No inoculum was added. Batch 
bottles were monitored by withdrawing a sample (4 mL) using a needle and a syringe. VFA, alcohols (X-OH), pH, and 
soluble chemical oxygen demand (sCOD) were measured at each sampling event.

Three set of co-fermentation experiments were carried out, always using the same proportion between substrates 
70:30 in%VS (WAS-CEL or WAS-DF). In all experiments, the targeted acid concentration was obtained by spicking an 
acid solution at the beginning of the assay. Experiment 1 aimed to understand the impact of 5 gCODacetic/L, 6 
gCODpropionic/L and 9 gCODbutyric/L on VFA profile and concentration. Experiment 2 was performed to determine the 
gradual effect of increasing the concentration of each acid. Specifically, different concentrations of acetic, propionic, 
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and butyric acids were added based on the 50, 75 and 100% of the maximum concentration in Experiment 1. 
Experiment 3 was carried out to validate the response observed in Experiment 1 and 2. In Experiment 3, only the 
effect of adding acetic and propionic acid were tested. All experiments included a control, i.e., co-fermentation assay 
without acid addition.

RESULTS AND DISCUSSION

The results presented in Fig. 1 are from Experiment 1. Fig. 1B shows that an initial concentration of acetic acid 
favoured the accumulation of butyric acid, while propionic acid concentration only had a slight decrease compared 
to the control (Fig. 1A) (2.4 gCOD/L vs 2.7 gCOD/L, respectively). Propionic acid addition resulted in a lower acetic 
acid and butyric acid concentration compared to the control. However, the valeric acid concentration was significantly 
higher (3.4 and 6.4 gCOD/L, respectively). Similarly, butyric acid addition decreased the accumulation of acetic and 
propionic acid compared to the control (For acetic acid, 2.3 and 3.5 gCOD/L, respectively, and for propionic acid, 4.8 
and 2.7 gCOD/L, respectively). The concentrations of valeric and caproic acid increased compared to the positive 
control. The co-fermentation experiments using CEL as co-substrate showed a similar response regarding inhibited 
acids (Figure 1E, F, G). Table 1 shows the net concentration of fermentation products (total concentration of VFA and 
XOH minus the concentration of the added acid). Table 1 shows that the concentrations were lower in all conditions 
compared to the control at day 2. This can be related to the initial pH drop, which caused an increase in undissociated 
acid in the fermentation liquor and, in turn, an inhibition by undissociated acid concentration the first four days (Xiao 
et al., 2016).

Experiment 2 and 3 results showed the same trend that Experiment 1. The addition of acetic acid led to a lower 
accumulation of propionic acid and increased butyric acid concentration compared to the control. Propionic acid 
addition resulted in a lower concentration acetic and butyric acid but favoured valeric acid accumulation. Finally, 
butyric acid addition decreased the concentration of acetic and propionic acid while favouring the accumulation of 
valeric and caproic acids. The tests carried out with different initial concentration also showed that (1) the same 
maximum VFA concentration is reached regardless the acid initial concentration and (2) higher initial concentrations 
led to a longer delay in VFA formation.

Table 1. Net total fermentation products (VFA and XOH minus the concentration of the added acid, in mgCOD/L) for DF condi-
tions. Results are expressed as average ± 95% confidence interval (n = 3)

Day DF WAS:DF + 5
gCOD Acetic/L

WAS:DF + 6
gCOD Propionic/L

WAS:DF + 9
gCOD Butiric/L

0 599 (1) 599 (1) 599 (1) 599 (1)

2 10436 (1780) 4178 (1281) 5014 (905) 6837 (519)

4 11768 (2032) 10883(537) 12835 (613) 12535 (962)

6 18728 (308) 15950 (651) 19742 (1200) 18643 (509)

barraquete
Nuevo sello



Assessing product inhibition on acidogenic fermentation    185

Congreso YWP SPAIN, 2022. Valencia

Figure 1. VFA and X-OH profile obtained in experiment 1.DF means dog food and CEL means cellulose.
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CONCLUSION

These results allow us elucidating that acetic acid inhibition promoted the accumulation of butyric and limited the 
concentration of propionic acid. Propionic acid product inhibition limited acetic acid production and favoured 
the accumulation of valeric acid production. Butyric product acid inhibition limited the accumulation of propionic 
and acetic acids and favoured the accumulation of caproic and valeric acids. There was a delay in acid production 
in the first few days (day 2).
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INTRODUCTION

The CRISI-ADAPT II Project, namely “Climate Risk Information for SupportIng ADAptation Planning and operation” is 
built around an 11 Partner Consortium in July 2019 which joins 4 demonstration cases and 8 Receiving Regions for 
scaling methods and results as a test of replicability across 5 Mediterranean Countries (Italy, Spain, Portugal, Malta 
and Cyprus) (Figure 1). It is focused on 4 strategic sectors: flooding/emergency response, water management for 
agriculture, energy planning and port infrastructures/operations. This 36-months project has been partially funded 
by the EIT Climate KIC, on behalf of the European Union, however a considerable budget reduction happened during 
the third year due to external causes. This cut reduced considerably the development of 3 of the 4 case studies and 
focusing all the progress mostly on the Maltese pilot case. The CRISI- ADAPT II intends to provide to the involved 
Stakeholders a Web-based GIS tool to cope with local natural hazards according to near and seasonal range forecast 
of climate risks. The core of the project is essentially the co-design of climate services and to propose such solutions 
as an adaptation to business and infrastructure long-term planning and crisis management.

Congreso YWP SPAIN, 2022. Valencia
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Figure 1. CRISI-ADAPT II case Studies (Valencia, Andalucia Region, Malta and Cyprus) and Receiving Regions (Ypsonas, 
Badalona, Castelledefels, Lisbon, Madrid and Conselice)

GOAL AND OBJECTIVES

CRISI-ADAPT II aims to monitor and improve the adaptation planning through a real time implementation and validation 
according to near and seasonal range forecast of climate risks. The project runs along a specific path concerning the 
analysis and monitoring of climate impacts through a continuous-time approach (Figure 2): Climate Risk Information 
Tool (CRIT) and Early Warning System Monitoring Extreme Events Tool (MEET). Among other functionalities, CRIT 
integrates vulnerable elements and hazards estimated according to CMIP6 climate model outputs, while MEET uses 
seasonal forecasts from two approaches: The European Copernicus service named ECMWF- SEAS5 and a 
teleconnection-based method developed in the RESCCUE project (Redolat et al., 2019, 2020). Short term daily forecast 
is calculated on daily basis from the high-resolution model of the European center (IFS — ECMWF—) and for a time span 
of 7 days while mid-term seasonal forecast proceeds from the ECMWF-SEAS5 model, collected from the Copernicus 
C3S platform, and combined with Model Output Statistics (MOS) on monthly basis.

Figure 2. CRISI-ADAPT EWS (Early Warning System) based on MEET (Monitoring Extreme EvenTs) and Climate Risk Information 
Tool (CRIT) tools.
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THE MALTA CASE STUDY

Most of the project effort has put into developing the Maltese Case Study, which is characterized by a considerable 
fragility for flash floods and storm surges consequences in urbanized areas. Considering not just the actual scenarios 
but mostly future climate trends (IPCC 2022), it is expected to see a considerable increase of the risk associated 
with heavy rainfall and sea level rise under business-as-usual condition in the most populated part of the island 
(Figure 3). Despite a reasonable number of studies have been conducted (EWA 2015; EWA 2021), Malta’s flood 
problems persist (Flood 2019). Deeper investigations were requested by local Stakeholders by employing innovative 
modelling techniques and adopting detailed field data and measures to fulfil EU Flood Directive 2007/60/EC (EU 
2007) as a whole. Heretofore, Malta’s central hydrological basin relied mostly on the surface drainage systems and 
natural ponds, however recent years developments (MTIC 2013) led to the construction of the very first underground 
drainage system, targeting flood problems up to 5 years return period in the worst-hit areas. This system upgrade 
helped to reduce considerably those damages related to higher frequency rainfall events and set the basis for Malta’s 
urban resilience potential advances. Although the implementation of this extensive network of underground tunnels, 
canals and water storages for agricultural purposes, flooding issues persist for higher return periods, arguing its 
viability also for expected climate change predictions. To perform a comprehensive flood risk assessment, a wide 
set of hazard maps (Figure 4 at the top) coming from the elaboration of 1D- 2D hydrological simulations involving 
surface and underground drainage network were completed. 5, 10 and 20 years of return period were considered, 
and tailored climate projection factors were applied to rainfall patterns to simulate the expected total amount and 
intensity future variations. Open data were treated with established GIS processes to obtain vulnerability maps 
(Figure 4 in the middle) for pedestrians and vehicles. Finally, the matrix combination between hazard and vulnerability 
maps led to the generation of risk maps, which express tangible (direct and indirect) and intangible impacts such as 
flood resilience (expressed as the continuity of urban services) (Figure 4 at the end).

Figure 3. Malta extreme meteorological events by year.
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Figure 4. from the top: Coastal hazard maps for pedestrian (left) and vehicles (right), Vulnerability maps, Coastal Intangible risk 
maps (1st and 2nd from the left) and Pluvial Tangible Risk maps for the case study area (right).

THE CRIT-MEET PLATFORM

A free version of the platform with just C3S Seasonal Prediction is available for the areas surrounding the Case 
Studies and it can be found at the link https://tool.crisi-adapt2.eu/ (Figure 5). Available variables involve maximum 
and minimum temperature, total precipitation, wind gusts and relative humidity. Concerning climate projections, 
Shared Socioeconomic Pathways (SSP2-4.5, SSP3-7.0, and SSP5-8.5) scenarios of CMIP6 were considered and the 
ERA5-Land reanalysis was selected as a reference baseline for all the cases. Variables are provided by 30-years 
span period, from historical, up to the end of the Century. Climate data are available for all the case studies, while 
tailored menu and options are displayed as function of the case study characteristics.
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Figure 5. A screenshot of the CRIT-MEET platform.
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INTRODUCTION

Evaluation of water quality according to international standards and guidelines has helped decision makers to judge 
water quality according to its uses, thus minimizing the impact of contaminated water on human, animal, and 
environmental health (Poveda Gabaldón et al., 2011). The regular participation in Proficiency Testing (PT) schemes 
(Múrtula et al., 2012) and the use of Reference Materials (RMs) (Yanez et al., 2007) are widely recognized tools for 
the verification of the accuracy of analytical measurements. Thoseare integrated as a part of quality control systems 
in analytical laboratories. In this sense, ielab develops RMs that helps laboratories to meet the requirements of ISO 
17025 in terms of methodological validation and both internal and external quality control systems. ielab is accredited 
by Entidad Nacional de Acreditación (ENAC) for organizing PT schemes based on ISO/IEC 17043 standards and as 
a RMs producer has an ISO 17034 accreditation.

Recently, bacteriophages capable of infecting enteric bacteria have been proposed as alternative indicators of faecal 
and viral pollution in water. Bacteriophages have several advantages over bacterial indicators, as they are more 
abundant and generally more persistent in the environment and can provide more accurate information about viral 
pathogens. Indeed, the determination of the presence of somatic bacteriophages was introduced in the recent 
approved revision of the Drinking Water Directive (Directive (EU) 2020/2184) on the quality of water intended for 
human consumption (Toribio-Avedillo et al., 2021).The appearance of bacteriophages as a new analysis parameter 
has been then implemented by testing laboratories both at a national and European level.

The detection of phages in water by this directive establishes culture dependent method following the ISO 10705-2 
and ISO 10705-3. Two different approaches are included in these standards: a spot test, a qualitative presence/
absence protocol that can be adapted to quantitative results using a most probable number (MPN) approximation; 
and a double agar layer (DAL) assay, a quantitative protocol for counting plaque-forming units (PFU) in samples. 
However, bacteriophage culture method is laborious since requires the preparation of inoculum stocks, positive 
control phage stocks, and different types of culture media. Considering all this, the objective of this work is to 
present the ielab work related to the setting of bacteriophages RMs as well as the preparation and realization of 
Bacteriophages PT schemes.

Congreso YWP SPAIN, 2022. Valencia

barraquete
Nuevo sello



Development of Quality Control Tools for Bacteriophages: Alternative indicators for potable water health    193

MATERIALS AND METHODS

Bacteriophage’s proficiency test scheme

This scheme consists of two rounds per year where the targets are somatic and F-specific bacteriophages. In each 
round, a different matrix is used to permits the laboratories to evaluate their capacity for detecting bacteriophage in 
both clean water (round I), such as drinking water, and in dirty water (round II), such as waste or reclaimed water. The 
PT scheme data pre-treatment is performed according to Múrtula et al., 2012, and (i) avoid false positive or negative 
results; (ii) make a logarithmic conversion (log10) of the results, which allows obtaining a Gaussian distribution 
(normal), and (iii) detect the outlier laboratories. The performance evaluation of the laboratories is assessed through 
a z-score approach, as required by the ISO 17043 and following ISO 13528 standards.

Bacteriophages RMs

Nowadays, ielab is working on the development of somatic bacteriophages RMs to offer an alternative to the control 
stock indicated by the ISO10705-2. Briefly, in a proof of concept, bacteriophage ΦX174 (ATCC 13706-B1) was 
quantified according to the ISO 10705-2 and subsequently, a homogeneous lyophilization mixture was prepared, 
dispensed in vials and freeze- dried. All prepared batches were submitted to sterility, homogeneity and stability 
controls following ISO 17034 and ISO Guide 35 requirements. In order to determine shelf-life, long-term stability 
studies storing the material at (-20 ± 5 ºC) are being undertaken in different batches.

RESULTS

Regarding the PT scheme, a significant increase in the number of participants was observed throughout the year in 
both rounds (Table 1), proving that bacteriophage detection methods are being considered for water quality 
monitoring. Quantitative somatic bacteriophages results are reported by most participants (Table 2). However, few 
number of F-specific bacteriophage results are reported in each round (Table 1) which limits their performance 
analysis. That could be explained by the inclusion of only somatic bacteriophages in regulations. In general, the 
quantitative data sent by the laboratories are well correlated and in agreement with the results intended by the 
organization. The general data of the obtained z-scores in the different rounds indicate that most laboratories obtain 
values under 2 showing a good performance of the participants in the analysis of somatic bacteriophages.

Table 1. Summary of the Proficiency Testing scheme from the past 4 years.

2019 2020 2021 2022

Round I Round II Round I Round II Round I Round II Round I Round II

Participants number 9 14 13 11 17 21 34 N/A

Participants number 
informing somatic 
bacteriophage results

7 11-9 11 9 16 17-14 27-25 N/A

Participants number 
informing F-specific 
bacteriophage results

2 3 2 2 3 5 5 N/A
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Table 2. Summary of the results obtained by the participants in 2019 and 2020. (LAB-Laboratory, PFU: plaque forming units,  
H: Homogeneity, S: Stability, F(-): False Negative, F(+): False Positive).

ASSIGNED 
VALUE (X*)

2019

ROUND I ROUND II

(PFU/100 mL) (PFU/mL)

SAMPLE A SAMPLE B SAMPLE A SAMPLE B

SOMATICS 33.1 43.7 2.40 x 104
(-)

[4 LAB F(+)]

F-SPECIFICS
9.11 (H/E)

(-)
4.57x103 (H/S)

[1 LAB F(-)] [1 LAB F(-)]

ASSIGNED 
VALUE (X*)

2020

ROUND I ROUND II

(PFU/100 mL) (PFU/mL)

SAMPLE A SAMPLE B SAMPLE A SAMPLE B

SOMATICS 42.7
7.76 5.89 x 103

6.31 x 103

[2 LAB F(-)] [1 LAB F(-)]

F-SPECIFICS 95 (H/S) (-) 18 (H/S)

On the other hand, for the bacteriophage batches produced up to the moment, the sterility, homogeneity (Figure 1), 
and short-term stability present good results. The produced material showed to be easy to use and could be used as 
reference material as indicate the ISO10705-2 This new RM will be useful for both internal and external quality 
control purposes.

Figure 1. RM Control Chart corresponding to batch PB174040322.
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CONCLUSIONS

Bacteriophages are attractive as promising alternative faecal indicators to assess the risk of viral contamination in 
natural and built environments. Once the EU members adopt the above-mentioned legislation, it can be expected 
that the number of regulations including bacteriophages will increase in the next years. It implies that standardized 
techniques for their enumeration will need to be improved and optimized, to enable faster and simpler testing. 
Therefore, attention will be mainly focused on the role of bacteriophage RM since, together with the participation in 
PT scheme, will represent the most necessary tools for achieving good analytical quality control. This kind of 
services and materials will be essentials for the laboratories and the decision makers in charge to control the 
regulations will be fulfilled.
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INTRODUCTION

Since the beginning of the 20th century, the textile industry has been one of the main engines of the Colombian 
economy. Currently, their share reaches ca. 5% of the national gross domestic product employing more than 100,000 
people (DANE, 2021). Textile manufacture involves different steps among them de-sizing, scouring, bleaching, 
mercerization, dyeing, and finishing. Each one generates effluents with diverse types and content of pollutants 
(Varadarajan & Venkatachalam, 2015). The dyeing stage has the higher environmental impact due to dye fixation 
issues (v.g., high solubility and low affinity with fibers) (Xu et al., 2019). Electrocoagulation (EC) process has been 
used to remediate many types of effluents, specifically those produced in the textile industry. It has been efficient for 
removing suspended solids, color, and organic matter (Bassyouni et al., 2017). During the EC treatment, the coagulant 
is generated in-situ by the effect of an electric current that flows through an electrode (sacrificial anode of aluminum 
or iron) to release ions into the solution (electrolytic medium). These ions produce hydroxides, poly-hydroxides, and 
poly-hydroxides-metallic species which promote the electric interaction with opposite charges presented in the 
wastewater to accomplish the coagulation process (Aoudj et al., 2010).

The aim of this study was to evaluate the capacity of EC process for the treatment of dyeing wastewater originating 
from an industry placed in the colombian coffee region. The wastewater contains among others high concentrations 
of acid black 194 dye (ca. 1162 mg/L), high concentration of organic matter (Chemical Oxygen Demand, COD ≈ 2926 
mg O2/L). These values exceed the discharge limits set by Colombian legislation (MADS, 2015).

MATERIALS AND METHODS

The representative raw wastewater samples were collected from an equalization tank in a textile industrial plant 
located in Colombian coffee region. The sampling corresponded to a production batch of around 10.000 linear 
meters of textile dyed with AB-194. Raw wastewater samples and these resulting from EC tests were analyzed by 
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triplicate. Standard methods (APHA, 2017) were followed for the quantitative analysis of color (SM 2120 B), dye 
concentration (absorbance measurements at 575 nm), COD (SM 5220 D), BOD5 (SM 5210 B), TSS (SM 2540 D), SS 
(SM 2540 F), Cr (SM 3111 B), TOC (SM 5310 B), pH (SM 4500-H+ B) and conductivity (SM 2510 B). EC tests were 
performed in a glass jacketed batch reactor, with a capacity of 0.25 L, containing two vertical plate electrodes 
(anode: aluminium and cathode: graphite), separated 0.6 cm, and with an effective area of 20 cm2, connected in 
monopolar configuration. The temperature was fixed at 293 K. The pH was adjusted to 3 with H2SO4 5M. The 
conductivity was adjusted with NaCl (support electrolyte). In each experiment, 200 mL of industrial wastewater was 
treated. Experimental conditions were programmed according to a Central Composite experimental Design (CCD) to 
evaluate the effect of two factors: current density (j = 5-25 mA/cm2) and conductivity (s = 3-9 mS/cm2) on EC 
performance (response variables: color removal (RColor), COD removal (RCOD), and operational costs which 
includes energy and electrode consumption, support electrolyte, reagent to adjust pH, and the sludge disposal). The 
analysis of variance (ANOVA) allows evaluating the statistical significance of the obtained experimental results 
(e.g., the factors and their interactions) on each response variable. The experimental results were fitted to second-
order polynomial models (e.g., each response variable as a function of the factors and their double combinations) 
for Surface Response Method (SRM) analysis.

RESULTS AND CONCLUSIONS

Experimental results show that is possible to achieve both high color and organic matter removals (v.g., RColor 
higher than 70% and a maximum of RCOD of 72%, respectively). The color removal percentage increases with an 
increase in current density and solution conductivity (Figure 1). This behavior suggests dye elimination by surface 
complexation, electrostatic attraction, chemical modification and/or precipitation.

Figure 1. Response surface for the EC treatment of industrial wastewater  
containing acid black 194 dye.

To determine the optimal operating conditions of the EC process, a restricted maximization- minimization dual 
problem (v.g., Max[RColor, RCOD] & Min[Costs]) was solved. Thus, the multi- objective optimization converged in 
maximum RColor = 99.9% and RCOD = 72.1% removals, and a minimum operation costs = 1.39 USD/m3 at j = 18.14 mA/
cm2 and s = 8.82 mS/cm. This prediction was experimentally validated with three independent experiments. 
Additionally, EC treatment increased the Average Oxidation State (AOS) of the treated effluent from 0.22 (raw 
watewater sample) to 0.62 (EC supernatant).

At the optimized EC operation conditions, COD and color concentrations were monitored as a function of time 
(Figures 2 and 3). Different kinetic power law expressions were tested to fit both COD and color data. First-order and 
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second-order kinetic models were the most adequate to fit the color and COD variation during EC treatment, 
respectivelly.

Figure 2. First-Order kinetic fitting for Color  
Removal Response.      

Figure 3. Second-Order kinetic fitting for COD 
Removal Response.
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INTRODUCTION

Disinfection by-products (DBPs) formation is one of the main challenges in drinking water treatment plants (DWTPs). 
Disinfection is an essential step in drinking water treatment processes to protect human health and prevent waterborne 
diseases. However, it is well known that chlorine or other oxidants used react with natural organic matter (NOM) present 
in water and it results in different types of DBPs (Delpla et al., 2009; Golea et al., 2017). The revised European Drinking 
Water Directive (EU 2020/2184) was issued on January 2021 maintaining the parametric value of 100 µg/L for total 
trihalomethanes (THMs) and including a new limit of 60 µg/L for the sum of 5 haloacetic acids (HAAs) (EU 2020/2184).

Ter and Llobregat system treats and supplies drinking water until local tanks to Barcelona and his metropolitan area. 
One of the treatment plants of this system is Llobregat DWTP, located in Abrera, which has a maximum treatment 
capacity of 3.2 m3/s and treats surface water of Llobregat River. Raw water contains high concentrations of NOM 
and salinity, including natural bromide. Last years, DBPs formation has been effectively controlled with an intensive 
conventional treatment (pre- oxidation, clarification, oxidation, sand filtration, granular activated carbon filtration and 
final disinfection with NaClO) and additional membrane step of electrodialysis reversal (EDR) that can treat up to 2.2 
m3/s (Postigo et al., 2018).

Nowadays, Catalan administration considers the short-term enlargement of the treatment capacity until 4.0 m3/s. In 
this context, alternative processes to improve the treatment has been evaluated. One of them is the use of ion 
exchange resins to remove organic matter and reduce DBPs formation. Laboratory tests with ion exchange resin 
Lewatit® S5128 has performed with raw and clarified water of Llobregat DWTP. Main objectives are to define the 
best operational conditions and to evaluate the NOM and anionic compounds removal and the effect on THMs 
formation using ion exchange resins.

MATERIALS AND METHODS

Jar-tests with a stirring speed of 120 rpm was used during the laboratory tests to evaluate the ion exchange resin 
behaviour. The study has been organized in three phases where different resins doses, contact time and type of 
waters were tested. Experimental conditions are defined in Table 1.

• Stage I-A: Evaluate the behaviour and effectiveness of the ion exchange resin selected treating raw water 
with low turbidity and NOM. Different resin doses (10, 15, 20, 25, 30 and 40 mL/L) were tested to look for 
the optimal treatment conditions.

barraquete
Nuevo sello



Disinfection By-Products Control Using Ion Exchange Resins to Remove Organic Matter    200

Congreso YWP SPAIN, 2022. Valencia

• Stage I-B: Evaluate the behaviour and effectiveness of the ion exchange resin selected treating raw water 
with high turbidity and NOM using best treatment conditions obtained in Stage I-A and including trihalome-
thanes formation potential (THMFP).

• Stage II: Using optimal resin dose (20 mL/L), treat raw and clarified water in standardized conditions, fo-
llowing the industrial treatment process and including NOM fractionation tests.

Table 1. Experimental conditions of the three study phases

Stage I-A Stage I-B Stage II

Tested Water Raw Water Clarified Water

Turbidity [NTU] 3,77 69,9 23 0,33

Resin Dose [mL/L] 10, 15, 20, 25, 30, 40 10, 20, 30 20

Contact Time [min] 2, 6, 12, 20, 30

Stirring Speed [rpm] 120

Characterization
Physicochemical 

characterization, ionic 
chromatography

+ THMFP 25 ºC 70h + Organic Matter Fractionation

RESULTS AND DISCUSSION

Stage I-A

Adsorption kinetic curves obtained in Stage I-A show how an increase of resin dose and contact time results in a 
higher removal efficiency of NOM and ultraviolet absorbance at 254 nm (UV254). Considering 30 minutes of contact 
time, total organic carbon (TOC) removal was between 35% and 46% according to whole range of resin dose 
(Figure 1). On the other hand, UV254 reduction varied from 42% to 61% (Figure 2), what it means that aromatic 
fraction of NOM is widely removed. Furthermore, bromide, nitrate and sulphate reduction were observed. The range 
of bromide reduction was between 65% and 88% depending on the resin dose tested. The removal of bromide is very 
important because it works as a precursor and catalyst of DBPs formation. However, chloride is the exchanger ion, 
and it results in an increasing of chloride concentration in treated water.

Figure 1. TOC removal testing different resin doses in Stage I-A.
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Figure 2. UV254 reduction testing different resin doses in Stage I-A.

Stage I-B

Three resin doses (10 mL/L, 20 mL/L and 30 mL/L) have been tested in Stage I-B according to the results of Stage I-A. 
In this phase, raw water contained higher NOM and turbidity. The behaviour of adsorption kinetic curves was 
equivalent to those obtained in Stage I-A. High content of NOM in water resulted in an increase of the resin efficiency. 
TOC removal ranged from 34% to 55% and UV254 from 54% to 82%. After forced chlorination and incubation at 25 ºC 
during 70 h, the total THMFP of raw water without any treatment was 679 µg/L whereas the total THMFP of this 
water treated with 20 mL/L of ion exchange resin remained at 134 µg/L.

Stage II

Raw water (23 NTU) and clarified water (2,57 NTU) were treated with 20 mL/L dose of ion exchange resin in Stage II. 
Despite differences between both waters, resin efficiency remained equivalent. In raw water tests, TOC removal was 
42% and UV254 reduction was 75% whereas in clarified water, the removal of TOC and UV254 was 36% and 75% 
respectively. Moreover, THMFP at 25 ºC and 72h has been carried out forcing the chlorination of raw water, clarified 
water and both treated waters. Final concentration of THM was: 352 µg/L (raw water), 200 µg/L (clarified water), 
92 µg/L (treated raw water) and 82 µg/L (treated clarified water) (Figure 3).

Figure 3. THMFP at 25 ºC of raw and clarified water and both waters treated with 20 mL/L.
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Additionally, size exclusion chromatography (SEC) was performed in samples of untreated waters and resin treated 
water during 30 minutes of contact time to observe the NOM weight fractionation and his impact on the THM 
formation. Main characterized groups of NOM were biopolymers (BP), humic substances (HS), building blocks (BB), 
low molecular weight acids (LMW) and neutral compounds. There are relevant differences in the chromatographic 
profile of treated and untreated waters. While in raw and clarified waters the main group is HS, in resin treated waters 
the HS signal peak is highly reduced (Figure 4). As a result, the decrease of THMFP can be explained by the influence 
of HS reactivity with free chlorine instead of the rest of NOM groups.

Figure 4. SEC signals of raw and clarified water and both waters treated with 20 mL/L.

CONCLUSIONS

The use of ion exchange resins to treat raw and clarified water of Llobregat DWTP in a laboratory scale and 
evaluating different conditions results in a TOC and UV254 reduction of 45% and 75% respectively and high 
bromide, nitrate, and sulphate removal. HS is the most removed NOM group. All these factors have resulted in a 
decrease of the raw water THMFP (>80%). In conclusion, ion exchange resins seem to be an option to improve the 
treatment process of Llobregat DWTP and to reduce the operational treatment costs. Suspended Ion Exchange 
(SIX®) pilot plant tests will be done during 2022 and 2023 to scale up the tests and evaluate different real water 
conditions.
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DESALINATION, A REAL OPTION

Due to water scarcity generated by global warming, the increase of world population and other factors the seek of 
new ways to obtain potable water has increased through the recent years. Desalination using RO (Reverse osmosis) 
membranes has emerged as a feasible option that can comply with water requirements and with low environmental 
impact.

The success of the project is highly influenced by how it is designed and developed in its early stages. In every 
project, first work step is conceptual. In this phase the specialized engineers have to do their best to perform a 
suitable project that could deal with local regulation, standards and particular design guidelines.

Some of many desalination projects developed all over the world have failed because of bad design decisions that 
were taken as a starting point. An appropriate technical design is crucial to mitigate risks during the construction 
and the lifetime of the plant.

KEYS FOR A SUCCEFUL DESIGN

In order to reduce many of the risks for this type of installations the following points must be taking into account:

1st Good general conception

In the very first moment a need of water is found a number of considerations shall be taken such as:

• Deeply analyse water needs and evolution over the time of its demand.

• Define the required product water quality.

• Choose plant location based on the position of your seawater intake and outfall, electricity power supply 
system, product water delivery point and environmental commitments.
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2nd To carry out deep investigation to obtain correct baseline data

Many of desalination projects obtain seawater directly from the sea so it is needed information about:

• Seawater analysis campaign including temperature measurement at the intake point.

• Bathymetry and marine geotechnical (seabed studies).

• Proper topography and a complete geotechnical survey.

• Flood risk assessment under unfavourable climate conditions.

• Complete marine climate study, analysing winds, extreme waves and currents at the intake point.

• Research of location of electrical and communication infrastructures that may feed the plant.

• Comprehensive environmental assessment.

3rd To perform a suitable desalination plant design

To design the facilities so that the plant has an appropriate capacity to meet the needs it shall be considered:

• Not to adopt excess in the design criteria or safety coefficients, so the cost of the facilities are appropriate 
and the project is also economically viable.

• Not to reduce quality and design characteristics with the only purpose of reducing costs. The plant has to 
achieve the required water quality and quantity.

4th Good engineering team

It is mandatory to have a highly qualified engineering team with broad experience in the field that can put their 
knowledge into the project for the following purposes:

• To implement all the design guidelines, rules and standards.

• To implement new tools from the beginning so problem can be detected as soon as possible.

• To design facilities taking into account availability and flexibility to carry out proper maintenance.

• To develop a competitive design optimizing capital cost, electrical consumption, O&M cost social and envi-
ronmental impact.

CONCLUSIONS

With the experience in desalination projects a serie of conclusions is established:

• To carry out complete seawater samples collection campaign at the intake point in order to obtain enough 
data to design without mistakes for the pretreatment and the RO system.

• To properly establish minimum and maximum sea level and to link with ground topography levels for a pro-
per hydraulic design of the intake, design seawater intake infrastructure with elements that can be cleaned.

• To design a good pretreatment according to the expected suspended solids and biological growth so RO 
process can be safe.
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• To design RO system for extreme conditions with lowest possible flux with RO lines as big as possible so 
pumping equipment could have higher efficiency and to use energy recovery systems.

• To equilibrate carbonically the desalinated water with a proper remineralization system with a Langelier 
index as close as 0.

• To design product water pumping to distribution network with a minimum overcapacity and not forgetting 
water hammer problems.

• To choose right materials, proper water velocity on pipelines and study ventilation and cooling of mechani-
cal and electrical equipment.
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La evolución del ser humano ha afectado y sigue afectando, de manera directa e indirecta a los recursos hídricos 
del planeta. Si bien, las necesidades de recursos hídricos para el consumo humano han aumentado, el mantenimiento 
de la calidad de estos recursos está limitando la sostenibilidad del ciclo integral del agua en zonas urbanas.

Las redes de saneamiento y drenaje urbano son uno de los focos principales de contaminación del medio natural en 
las zonas urbanas. El control de estas afecciones consiste en diseñar un sistema eficaz de alcantarillado para 
prevenir inundaciones provocadas por las lluvias, riesgos en la salud e impacto en el medio receptor.

Las consecuencias del cambio climático multiplican las afecciones de las redes de saneamiento al medio natural. 
Por ello, se hace imprescindible conocer el funcionamiento de la red y definir las actuaciones necesarias que hagan 
sostenible el mantenimiento de los recursos naturales. El modelo hidrológico-hidráulico es la herramienta necesaria.

La modelización hidrológica e hidráulica de esta red, se ha realizado utilizando el software InfoWorks ICM. Este 
software se basa en la integración completa del modelo de cuenca, incluyendo el análisis hidrológico de la cuenca, 
la hidráulica de redes de saneamiento y la hidráulica fluvial. Además, también permite la modelización de la calidad 
del agua en la red y en el medio receptor.

Con el modelo calibrado se conoce el estado actual de la red determinando el volumen y la afección contaminante 
de los vertidos al medio, los problemas de diseño actuales de la red, los problemas de entrada en carga en los 
colectores principales e inundaciones superficiales. El objetivo principal es mitigar estos problemas, y con el modelo, 
se definen diferentes escenarios meteorológicos para determinar las soluciones idóneas tanto para reducir los 
vertidos como para eliminar las inundaciones superficiales o contaminaciones del medio.

Para el desarrollo del estudio, el primero paso es realizar un análisis y actualización de la información disponible de 
la red incluyéndola en formato GIS (Sistema de Información Geográfica) con el fin de detectar posibles incoherencias 
o falta de datos.

Realizado el diagnóstico de la información y completados todos los datos, se completa la modelización de la red de 
saneamiento y drenaje, que se basa en introducir todos los datos de la red al software y generar el modelo hidráulico, 
es decir, se introducen las cotas, usos de suelos, superficies de escorrentía, consignas para el control de tiempo real 
de los elementos de regulación (RTC), etc.
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El siguiente paso es calibrar el modelo comparando los resultados del caudal y nivel de los conductos con los 
medidores nuevos o existentes de la zona de estudio.

Una vez que el modelo esté calibrado y verificado, se introducen los datos hidrológicos de la zona de estudio, es 
decir, se introducen todos los actores implicados en el funcionamiento de la red de saneamiento (lluvia, caudal 
fluvial y altura de la marea), generando simulaciones lo más próximas a la realidad actual y futura del funcionamiento 
de red.

Finalmente, ya se dispone de un modelo real de red para poder generar diferentes escenarios para el análisis y 
mejora de la misma.

En el caso de la red de saneamiento y drenaje de Irún y Hondarribia, la solución para la entrada en carga de los 
colectores, la mejora de control de vertidos y contaminación del río Bidasoa e inundaciones superficiales, se analiza 
definiendo actuaciones (obras) con distintos elementos de regulación. Una de las conclusiones más importantes 
obtenidas en el estudio realizado, es que, si lloviese lo mismo que en 2020 y 2021, cada año, se conseguiría una 
reducción del vertido unitario al medio de hasta un 80% en el alivio de Amute y hasta un 65% en el alivio situado en 
Gal. Además, se conseguiría una reducción en el número de veces que los colectores entran en carga de hasta un 
90% en el colector de entrada a la estación de bombeo de Amute y Gal. (Véase tabla 1 y 2)

Tabla 1. Análisis del control de vertidos.

2020

Escenarios Volumen Alivio  
Amute (m3)

N.º Vertidos  
Amute

Volumen Alivio  
Gal (m3)

N.º vertidos  
Gal

Actual 20.484 35 197.482 134

Escenario Final 2.453 4 100.756 16

2021 (hasta 13 diciembre)

Escenarios Volumen Alivio 
Amute (m3)

N.º Vertidos  
Amute

Volumen Alivio  
Gal (m3)

N.º vertidos  
Gal

Actual 11.067 17 126.023 80

Escenario Final 2.453 2 44.124 9

Tabla 2. Análisis de estado en carga de los colectores principales.

2020

Escenarios N.º Cargas  
Colector Amute

N.º Cargas  
Colector Gal

N.º Cargas
Colector Alameda

N.º Cargas
Colector San Pablo

Actual 32 (982.1 min) 19 (873.1 min) 1 (48 min) 1 (98.9 min)

Escenario Final 15 (255.4 min) 1 (12.9 min) 1 (15.9 min) 0

2021 (hasta 13 diciembre)

Escenarios N.º Cargas Colector 
Amute

N.º Cargas Colector 
Gal

N.º Cargas Colector 
Alameda

N.º Cargas Colector 
San Pablo

Estado Actual 17 (693.5 min) 9 (723.6 min) 4 (77.6 min) 3 (141.9 min)

Escenario Final 10 (173.3 min) 0 1 (45.2 min) 0
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Tabla 3. Lluvias sintéticas a cambio climático.

Lluvias Periodos Media Aritmética Desviación estándar % de cambio

rv10 & rcp45 2071-2100 81.48 20.12 6

rv10 & rcp85 2071-2100 83.89 24.5 9.1

rv25 & rcp45 2071-2100 96.88 25.62 6.3

rv25 & rcp85 2071-2100 98.61 30.52 8.2

Debido a los momentos de grandes lluvias (periodos de retorno) en la que no es posible eliminar por completo el 
vertido, se analiza la afección de dicho vertido y se dimensiona el impacto en el medio. (Véase Figura 2).

Una vez planteadas las soluciones a los problemas del funcionamiento actual de la red, analizamos el impacto que 
el cambio climático va a tener en el comportamiento de la red diseñada en el futuro.

En conclusión, con este estudio se consigue verificar y solucionar las disfunciones que pueda haber en la red de 
saneamiento de Irún y Hondarribia en la actualidad, para así, mejorar la calidad de los recursos de agua, solucionar 
los problemas existentes y adecuar la red a las necesidades actuales y futuras del servicio.

Figura 1. Modelo 1D para el análisis del funcionamiento en 
general de la red.   

Figura 2. Valoración del vertido al medio. 
Concentración de coliformes total.
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Figura 3. Modelo 2D para el análisis de las inundaciones superficiales e impacto de las mareas en la red.

Figura 4. Media aritmética periodo de retorno 10 años (RCP45 y RCP85).
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INTRODUCTION

Waste activated sludge (WAS), as a by-product of wastewater treatment plants (WWTPs), is considered an 
environmental problem of prime concern due to its increasing generation. In fact, the processing and management 
of WAS represents 50% of the total cost of urban wastewater treatment (Appels et al., 2008). For this reason, WAS 
is commonly reused in various ways, such as agricultural fertilizer or for biogas production, although it can also be 
disposed of in landfills. It should be noted that this waste contain harmful substances, including heavy metals, thus 
requiring proper treatment before being used (Pathak et al., 2009). For this reason, more suitable strategies are 
needed for the correct WAS valorization.

Considering WAS pretreatments, thermal hydrolysis (TH) is one technique that has proven to be very useful as it 
breaks the flocs of WAS, releasing intracellular and extracellular material. In this sense, high value-added biomolecules 
(proteins and carbohydrates), can be recovered and reused for a variety of purposes (García et al., 2017). Typically, 
this process is carried out under high temperatures and pressures, sometimes reaching 200°C and 60 bar, which 
increase energy consumption considerably (Abe et al., 2013). In order to improve this process, different oxidizing or 
promoting substances can be used (Lee et al., 2016). Thus, advanced thermal hydrolysis (ATH) is a novel pretreatment 
methodology that combines lower temperatures (below 90 ºC) with hydrogen peroxide (H2O2). Unlike conventional 
TH, it relies on the synergistic effect of these two factors, avoiding the need for catalysts and pH changes (Abelleira 
et al., 2012). This method allows for milder conditions to be used, resulting in energy savings. To the best of our 
knowledge, there is no studies focused on the impact of ATH on the production of proteins and carbohydrates. 
Therefore, the aim of this study was to evaluate the use of ATH as a suitable technology for obtaining high value-
added biomolecules from WAS.

MATERIALS AND METHODS

TH and ATH experiments were performed on 0.7 L glass reactor. A magnetic stirrer Agimatic-N with heating, equipped 
with a digital electronic contact thermocouple EKT Hei-Con was used to control both stirring and temperature. TH 
experiments were conducted at temperatures in range of 55-85°C. In the case of ATH experiments, the reactor was 
preheated for 60 min in order to reach the desired temperature, and then H2O2 was added. Samples were periodically 
collected to evaluate the concentration of biomolecules. Typically, the tests were performed at 85°C and 6 millimolar 
per gram of initial volatile suspended solids (mmol H2O2/gVSSo). Besides, the effect of different parameters was 
studied, including H2O2 concentration (1.5-6 mmol H2O2/gVSSo) and temperature (55°C-85°C). For protein 
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quantification Lowry method was used, using bovine serum albumin (BSA) as standard (Lowry et al., 1951). Dubois 
method was employed for carbohydrates determination, using glucose as standard (DuBois et al., 1956). Standard 
Methods were used to measure total suspended solids and volatile suspended solids (VSS) (APHA, 2012).

RESULTS AND DISCUSSION

Thermal hydrolysis

The evolution of WAS biopolymers after TH is shown in Figure 1a and 2a. An increase in the temperature caused a 
positive effect on biomolecule generation. Thus, protein concentration at 55 ºC and 40 min was found to be 943 
ppm, whereas at 85 ºC, the value was around 1.5 times higher. It should be noted that the temperatures used in this 
study were high enough to dissolve extrapolymeric substances, but not to break the cell wall and take advantage of 
the intracellular content, which contains a greater amount of high-added valuable substances (Pola et al., 2021).

Advanced thermal hydrolysis

Effect of H2O2 concentration. Figures 1b and 2b show the evolution of the biomolecules when H2O2 concentration 
varied from 1.5 to 6 mmol/gVSSo. The concentration of both proteins and carbohydrates increased with the addition 
of H2O2, this being more marked in the case of carbohydrates. Thus, when 6 mmol H2O2/gVSSo were used, the 
concentration of proteins and carbohydrates were 2 and 4.2 times higher than in absence of H2O2, with values of 
approximately 200 ppm and 1375 ppm, respectively.

Temperature effect. The production of proteins and carbohydrates (Figure 1c and 2c) were affected to a lesser extent 
when ATH was performed at 55 ºC. This can be explained by the low thermal energy used, which causes that the 
extracellular polymeric substances act as a three-dimensional gel-like hydrated matrix, preventing intracellular 
material release to the reaction medium. When higher temperatures were employed, H2O2 becomes more reactive, 
generating more radicals (hydroperoxyl, alkyl, and hydroxyl radicals) and, as a result, disrupting cell walls, which 
contain a higher percentage of WAS biopolymers, particularly proteins (Urrea et al., 2017).

Figure 1. Evolution of proteins: a) effect of temperature on TH, b) effect of H2O2 concentration on ATH and c) Effect of 
temperature on ATH.
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Figure 2. Evolution of carbohydrates: a) effect of temperature on TH, b) effect of H2O2 concentration on ATH and c) Effect of 
temperature on ATH.

CONCLUSIONS

ATH can be considered an interesting technology for the production of high value-added biopolymers from WAS. It 
was found that low temperature is not suitable for the solubilization of intracellular material, just causing the release 
of extracellular polymeric substances. The concentration of H2O2 significantly affected the generation of proteins 
and carbohydrates, thus achieving values around 2 and 4.2 times higher than in absence of H2O2.
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INTRODUCTION

Struvite is a salt formed by equimolar quantities of magnesium (Mg), nitrogen (N) and phosphorus.

(P) which can be used as a slow release fertilizer. Waterways are rich in N and P, but Mg needs to be added externally. 
Usually, a commercial reactant (MgCl2 × 6H2O) is used as Mg source, increasing the operational costs of the process. 
For this reason, magnesium oxide industrial by-products have been suggested as an optimum alternative (Romero-
Güiza et al., 2015).

Many factors affect the overall precipitation process, such as reactants concentration, pH or hydrodynamics (Le 
Corre et al., 2009). Some authors have tried to create models in which thermodynamic equilibrium or kinetics are 
studied (Elduayen-Echave et al., 2019, 2020), but none of them have ever considered a Mg oxide by-product.

In this contribution, a new model is developed and calibrated with different batch experiments. This model includes 
a magnesium industrial by-product (LG-MgO) obtained from the calcination process of natural magnesite calcination. 
This precipitation model is a promising tool that may help in the operation strategy of the process.

METHODOLOGICAL APPROACH

Precipitation model

This model is developed in WEST platform, which is widely used for biochemical models. The LG-MgO used as a Mg 
source is formed of magnesium oxide and impurities (Ca and inerts) and it releases Mg and Ca to the medium. In 
the model, eight different solid compounds are considered: LG-MgO, struvite, amorphous calcium phosphate (ACP), 
LG-MgO without Ca (LG-MgO-Ca), LG-MgO without Mg (LG-MgO-Mg), LG-MgO without Mg and Ca (LG-MgO-Ca-Mg), 
struvite coating over LG-MgO and ACP coating over LG-MgO. Table 1 includes some of the different transformations 
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considered. Moreover, in the liquid phase: NH4
+, NH, PO4

3–, HPO4
2–, H2PO4

–, H3PO4, MgPO4
–, MgHPO4, MgH2PO4

+, MgOH+, 
Mg2+, CaPO4

–, CaHPO4, CaH2PO4
+, CaOH+ and Ca2+ are considered.

The thermodynamic equilibrium is calculated based on the approach by Ohlinger et al. (1998). The stoichiometry of 
the process is defined by a Gujer matrix, see Table 1, as it is often done in wastewater treatment modelling (Lizarralde 
et al., 2015). In addition, this model incorporates saturation index (SI) calculations for each solid compound in each 
time step, which are the driving force of the precipitation and kinetics, including nucleation and growth.

Table 1. Example of a Gujer matrix of the model including only Mg compounds (aMg: mass fraction of Mg in the LG-MgO)

Species

Processes
NH4

+ Mg2+ PO4
3- STRU LG-MgO LG-MgO-Mg STRU-LG-MgO

Struvite  
precipitation

–mwNH4
+

mwSTRU

–mwMg2+

mwSTRU

–mwPO4
3–

mwSTRU
1 — — —

LG-MgO Mg
release – aMg — — −1 1 − aMg -

Struvite  
coating

–mwNH4
+

mwLG-MgO
—

–mwPO4
3–

mwLG-MgO
— −1 —

–mwSTRU-LGMgO

mwLG-MgO

The thermodynamics equations used in the precipitation model can be found in Table 2, whereas the transformations 
considered in the model are included in Table 3.

Table 2. Thermodynamic equations included in the model

Calculation Equation Description

Ionic activity ai = gi × Ci ai: ionic activity [mol/L]
gi: activity coefficient [–]
Ci: concentration [mol/L]
Ksp: solubility product [mol3/L3]
I: ionic strength [mol/L]
zi: valence [–]
A: Debye-Hückel constant [–]

Struvite saturation index SI = log 1
aMg2+ × aNH4

+ × aPO4
3–

Ksp
2

Ionic strength I = 
1
2 

× o Ci × zi
2

Activity coefficient –loggi = A × zi
2 31

√I
1 + √I24 – 0.3 × I

Table 3. Transformations considered in the model

Reaction Equation Description

LG-MgO dissolution kdis × [LG − MgO ] × Si
n kdis: kinetic constant for dissolution [1/s]

knuc: kinetic constant for nucleation [mol/L·s]
kgr: kinetic constant for growth [1/s]
kcoat: kinetic constant [1/s]
n: kinetic exponent [-]
SIj: saturation index [-]
SIcoat: saturation index for coating [-]

Nucleation knuc × SIj
n

Growth kgr × [LG − MgO ] × SIi
n

Coating kcoat × [LG − MgO ] × SIn
coat
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Experimentation

In order to calibrate the model described above, two experimental set-ups have been defined in a 0.5 L batch reactor 
stirred at 200 rpm. In both of them, different molar ratios between Mg and P are used. These P:Mg molar ratios are 
as follows: 1:1, 1:2, 1:4, 1:6 and 1:8. In the first one, the solubility of the LG-MgO is studied for different concentrations 
in deionised water. In the second one, struvite precipitation is achieved by adding different concentrations of LG-
MgO to a real effluent from a wastewater treatment plant. This water is rich in N and P, so when the Mg oxide solid 
is added, the release of Mg and Ca starts, triggering both struvite and ACP precipitation.

RESULTS AND DISCUSSION

From all the experiment work performed, one type of each experiment has been selected to show the potential of the 
simulation tool. In order to reproduce the experimental information, the model was heuristically calibrated for each 
experiment. In the future, a stricter calibration should be performed which will be able to reproduce the experimental 
data with the same set of parameters. For this purpose, the use of Bayesian Inference techniques is being considered.

In the LG-MgO dissolution experiment considered (209.6 mg/L of LG-MgO, P:Mg molar ratio of 1:1), the pH 
increased from 6.5 until 10.5 in 30 minutes. After this fast increase, its value remains almost constant during the 
whole experiment. This pH increase is related to the release of Mg and Ca to the medium. Once pH stabilises, Ca 
reaches a plateau, no more Ca is released to the deionised water, whereas Mg concentration continues increasing, 
but at a lower rate. This difference is possibly because of the saturation concentration of Ca is reached, whereas 
the Mg saturation concentrations is not reached yet. These phenomena are well reproduced by the model, as 
displayed in Figure 1.

Figure 1. LG-MgO release of Mg and Ca in deionised water.

The precipitation experiments showed a different behaviour. The initial pH is almost the optimum for struvite 
precipitation (8.5), avoiding the previous effect of a fast release of ions to the medium. For 209.6 mg/L of LG-MgO, 
Ca and Mg concentration are almost constant, Figure 2. The consumption of both species is compensated by the 
release of Ca and Mg from the LG-MgO. P and N are consumed in the same molar proportion, presumably, struvite 
is precipitating, avoiding the precipitation of ACP. The model is able to predict the release of Mg from the solid to the 
liquid phase and to predict the precipitation of struvite.
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Figure 2. Species behaviour in struvite precipitation with LG-MgO using real effluent from WWTP.

CONCLUSIONS

The simulation results show that the developed precipitation model is able to reproduce correctly the data obtained 
in the laboratory experiments. However, a standard calibration method should be applied. Nevertheless, currently, 
the model is able to replicate the behaviour of the different species involved in the struvite precipitation. Verifying 
that a useful tool to know if struvite or other compounds will precipitate in real WWTP, with an alternative Mg source, 
has been developed. This precipitation model could be use to optimize the operation of the process directly and even 
feed other types of models (CFD or compartmental models) for the design of new precipitation reactors.
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ABSTRACT

The production of bioplastics contributes to the circular economy as an approach to mitigate the climate change. 
One of the main feedstocks used in the production of these materials is the starch biomass, a remarkable waste in 
the food industry (Rosenboom et al., 2022) and in the agriculture sector. A promising strategy in the valorisation of 
starch-based bioplastics is its conversion by fermentation into lactic acid, a high-value chemical which can be 
converted into another bioplastic: the polylactic acid (Ahmad et al., 2020). The objective of this work is to study the 
valorisation of starch-based bioplastic into lactic acid. In order to achieve this objective, both the microwave assisted 
chemical pretreatment and the lactic acid fermentation were evaluated. Firstly, the effect of the conditions of two 
microwave assisted chemical pretreatments (alkali and acid) on the concentration of released glucose after 
enzymatic hydrolysis was analysed by a 24-1 fractional factorial design, using a Multiwave GO Plus microwave (Anton 
Paar, Spain). The real levels of the assessed variables (concentration of sodium hydroxide or sulfuric acid, particle 
size of starch-based bioplastic, temperature and time of reaction) are showed in Tables 1 and 2. For both methods 
the reaction temperature was the only variable with a significant effect and the maximum concentration of glucose 
(18.03 g L-1) was obtained in the pretreatment of starch-based bioplastic of 100 µm with sulfuric acid at 0.1% (w/v) 
carried out at 150 ºC during 30 min. Secondly, fermentation was evaluated by a mixture of two key monosaccharides 
(glucose and xylose) as substrate, using two different bacterial strains:

Table 1. Variables, real levels, coded coefficients and p-values for the 24-1 fractional factorial design  
related to the NaOH pretreatment.

Independent variable Low level High level Coefficient p-value

Reagent (% w/v) 0.1 0.3 1.471 0.075

Particle size (µm) 100 500 -1.094 0.124

Temperature (ºC) 90 150 3.881 0.012

Time (min.) 15 30 -0.089 0.854
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Table 2. Variables, real levels, coded coefficients and p-values for the 24-1 fractional factorial design  
related to the H2SO4 pretreatment.

Independent variable Low level High level Coefficient p-value

Reagent (% w/v) 0.1 0.3 -0.131 0.691

Particle size (µm) 100 500 -1.466 0.107

Temperature (ºC) 90 150 3.704 0.043

Time (min.) 15 30 0.314 0.427

L. rhamnosus CECT 288 and B. coagulans DSM 2314. These assays were performed in a 1-L stirred tank reactor with 
a working volume of 700 mL equipped with a pH control device. The pH set-up value was selected according to 
previous experiments with L. rhamnosus CECT 288 in which this variable was evaluated in a range from 5.5 to 6.5. 
Data showed that fermentation at pH 6.0 resulted in the highest yield (0.9 g g consumed sugars-1) and productivity 
(4.4 g L-1 h-1) of lactic acid. Then, the fermenters were operated at 42 ºC for L. rhamnosus CECT 288 and at 50 ºC for 
B. coagulans DSM 2314 both at pH 6.0. Figure 1 shows the time evolution of lactic acid production and sugars 
uptake. Glucose was consumed after ~10 hours of fermentation, resulting in a similar lactic acid yield for both 
bacteria. Xylose was only consumed by B. coagulans DSM 2314 after glucose consumption, extending fermentation 
time to 24 hours. Therefore, the complete consumption of xylose is a promising result for the application of 
hydrolysate of starch-based bioplastic in a cosubstrate fermentation using a pH control strategy.

Figure 1. Lactic acid fermentation using L. rhamnosus CECT 288 (a) and B. coagulans DSM 2314 (b).
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INTRODUCTION

Water reuse has been evidenced as the most sustainable alternative to the use of freshwater sources in terms of 
cost and environmental impact. However, wastewater salinity is a challenge in wastewater treatment (WWTP) and 
reclamation (WRP) plants where collectors receive industrial brines, agricultural runoff waters and/or marine 
intrusion. Conventional WWTP or WRP are not designed for salinity removal, which becomes a limiting water quality 
parameter in water reuse. This limitation entails consumption of freshwater sources for non-potable uses instead 
of more sustainable alternatives, as well as the discharge of effluents with nutrients to natural water bodies. Its 
reuse would prevent eutrophication by diverting the nutrients to irrigation applications, where they would be fixated 
by plants.

Reverse Osmosis (RO) membranes have been visualized as a promising solution to address salinity removal 
challenges in WRP. Nevertheless, RO entails significant O&M costs, as it is intensive in energy and chemicals. 
Moreover, RO removes salinity and nitrates by concentrating them in brines, which are conventionally managed as 
waste and derived to natural bodies increasing eutrophication.

The overall objective of LIFE CONQUER is the demonstration of an innovative water reclamation process based on 
the use of Smart Nanofiltration (NF) that will divide salinity and nitrates, obtaining a produced reclaimed water rich 
in nutrients to re-use it for irrigation, and remove dissolved salts by concentrating them in brines. Additionally, it will 
demonstrate the use of electrochemical processes to valorize generated brines and transform concentrated salinity 
in valuable by-products (sodium hypochlorite) needed in treatment processes.

The aim of the presentation will be to explain the case of the city of Murcia, and the design of the water reclamation 
units. Design phase includes the calculation of the rejection profile of the NF under different feed water qualities, 
which ionic composition has a high variability. It also includes the calculation of the brine valorization treatment 
production treatment as well as the design parameters of each unit.
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MATERIALS AND METHODS

A semi-industrial prototype able to treat up to 20 m3/h, which is under design, will be operated 24/7 from September 
2022 to January 2024 to evaluate the technical and economic advantages of the process. Prototype feed water is 
the effluent of Zarandona Water Reclamation Plant (WRP), Murcia.

The effluent has a high salinity, 3.5 ± 1 mS/cm, above the limit established by the Spanish legislation, RD 1620/2007, 
3.0 mS/cm.

Prototype will consist on Nanofiltration membranes, brine concentration train (resin adsorption, Nanofiltration and 
Reverse Osmosis), and electrooxidation process to produce sodium hypochlorite. Design is being done using 
software design tools, such as Winflows® and Wave®. It includes the calculation of the mass balance, expected 
water recovery, and the calculation of the design parameters of each unit.

RESULTS AND DISCUSSION

During the design phase, different ionic compositions are being assessed to know the effect of wastewater variability 
in the water reclamation process. Initial results show that 30% of Zarandona WRP effluent will be treated through the 
20 m3/h NF prototype with permeate recovery of 80%. The NF rejection values are: 50-70% of dissolved monovalent 
salts (NaCl), 99% of divalent salts (MgSO4) and 5-10% of dissolved nitrates. NF will be blended with WRP effluent to 
produced 0.5 hm3 per year of reclaimed water rich in nutrients that meets the requirements of the RD 1620/2007 and 
will be injected in the Urban Irrigation Network of Murcia. It will avoid the discharge of 1.3 ton of Neq into the 
environment.

Brine contains the concentrated sodium, chloride, and divalent salts with a TDS concentration of 1.500 mg/L. The 
brine valorisation treatment will first concentrate the NaCl up to 5.000 mg/L, and then apply an electrooxidation 
process that will produce (3 kg NaClO/h) 26 ton per year of sodium hypochlorite.

The results obtained assessing different feed water qualities during the design phase will be used to decide the 
online meters in the prototype to adjust the operation conditions depending on the feed water quality.

CONCLUSIONS

The proposed process appears as a cost-effective alternative to conventional desalination systems through a 
circular economy approach that changes salinity and nitrates removal paradigm from “concentrate the problem” 
(brines) to “maximize resources efficiency through their valorisation”.
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OUTLINE PAPER

The lack of safe drinking water in low-income regions remains a challenge today. Alternative water treatments are 
available that are suitable for domestic use. However, these processes still have limitations that ultimately have an 
impact on the efficiency of the process. Solar water disinfection or SODIS process is one of these household water 
treatments, whose standardised procedure is ineffective in the production of safe drinking water (by recommending 
a minimum of 6 hours of solar exposure when in many cases this time is overestimated). The development of 
comprehensive kinetic models that rigorously consider the influence of all the variables involved in the process is 
essential to optimise solar exposure times and maximise safe drinking water production. This work proposes a 
methodology for the integral modelling of the water disinfection process, taking into account the transport of 
radiation from the sun to the pathogen (and its attenuation by the atmosphere, the material of the container, and the 
composition of the water) and the mechanistic reactions of inactivation of different pathogens (viruses, protozoa, 
and bacteria).

INTRODUCTION

Solar water disinfection or SODIS process has proven to be one of the most suitable treatments for household safe 
drinking water production, as it is inexpensive, does not rely on consumables and its effectiveness in removing 
pathogens (viruses, bacteria, and protozoa) from water has been widely demonstrated (Clasen et al., 2007; García-
Gil et al., 2021). This process is based on the germicidal effect of UV light and its synergistic effect with the increase 
in water temperature. The procedure is very simple, just fill a transparent container with water and place it in sunlight 
for several hours. The standard procedure (Luzi et al., 2016) states that 2 L polyethylene terephthalate (PET) bottles 
should be exposed for 6 h on sunny days. However, the use of several bottles to manage the daily required water 
increases the risk recontamination and the recommended solar exposure time is frequently overestimated since 
several factors can influence the disinfection efficiency (García-Gil et al., 2021). In this context, the use of large-
volume containers reduces the risk of recontamination and a detailed study of the factors influencing the process 
would reduce the overestimation of the solar exposure time. Therefore, the development of accurate kinetic models 
is crucial to ensure, and even maximise, the production of safe drinking water. An ideal kinetic model should take 
into account all critical factors affecting the efficiency of the process, such as the intensity and spectral distribution 
of solar radiation, the transmission spectra of the container walls, the chemical composition of the water —as 
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substances in the water can play a critical role as radiation attenuators and/or sensitisers triggering inactivation 
processes— and the type and concentration of pathogens in the untreated water (viruses, protozoa, or bacteria). In 
this work, the development of a methodology for the kinetic modelling of the process is presented in order to 
accurately estimate the solar exposure time required in large- volume SODIS containers.

METHODOLOGY

The methodology was divided into the following parts, each related to one of the critical factors involved in the 
SODIS process (discussed above). Figure 1 shows a scheme of this methodology:

• SOLAR RADIATION: development of an algorithm to easily obtain the actual daily solar dose anywhere in 
the world.

• CONTAINER: development of a calculation tool to estimate the spectral irradiance inside SODIS containers 
for the most suitable materials.

• WATER COMPOSITION: development of a procedure to calculate the effective incident radiation in large-vo-
lume SODIS containers as a function of the concentrations of naturally occurring substances found in fresh 
water.

• KINETIC INACTIVATION MODELS: development of three mechanistic kinetic models, one for each group of 
pathogens (viruses, protozoa, and bacteria), describing the main inactivation reactions of the different 
types of micro-organisms during the SODIS process.

RESULTS

SOLAR RADIATION. The algorithm to easily estimate the real daily solar dose at any point in the world was obtained 
from the work developed by García-Gil et al. (2022c). To calculate the daily dose as a function of the day of the year and 
latitude, this algorithm takes into account: (i) the day length (tDL) and the sun irradiance at solar noon [(po

sn(l)], which 
only depend on latitude and day of the year; (ii) a first correction factor (F1) that relates the cumulative incident radiation 
to the daily dose if the sun irradiance corresponds to that at solar noon and is constant for the duration of the whole 
day; and (iii) a second correction factor (F2) that relates the actual and the maximum cumulative incident radiation:

 Gday(l) = F2 × F1 × po
sn(l) × tDL (Eq. 1)

F1 was estimated at a value of 0.43 at 307.5 nm and at a latitude of 45°N and was validated for latitudes between 
60°S to 60°N, with a step of 5°. An average value of F2 can be found in García- Gil et al. (2022c).

CONTAINER. The tool for calculating the radiation spectrum inside SODIS containers is called Solar UV Calculator 
and can be freely downloaded from García-Gil et al. (2020c). This tool is based on the Lambert-Beer Law and on the 
measurement of the absorption spectra of plastic materials suitable for the manufacture of SODIS containers: PET, 
polypropylene (PP), polycarbonate (PC) and polymethylmethacrylate (PMMA) (García-Gil et al., 2020c).

WATER COMPOSITION. The procedure described by García-Gil et al. (2020d) was selected to calculate in a simple 
way the effective radiation available inside large-volume SODIS containers as a function of the concentration of 
naturally occurring substances in the water, such as (bi)carbonates, soluble carbohydrates, humic acids and solids 
measured as turbidity. On the one hand, it is not necessary to consider the presence of transparent substances in 
the UV range (bicarbonates and soluble carbohydrates), as they had no impact on the disinfection rate. On the other 
hand, the presence of optically active substances (humic acids or solids) did have an effect as they act as radiation 
attenuators. This effect can be considered with the following equation:

 k = k0 × G × UI (Eq. 2)
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where the kinetics of the process (here k: first order kinetic constant) is influenced not only by the average value of 
the incident radiation (G) but also by the homogeneity of the radiation distribution (UI, uniformity index), where k0 is 
a proportional kinetic factor (constant and independent of the radiation). The values of G and UI as a function of 
water composition can be obtained from García-Gil et al. (2020d).

KINETIC INACTIVATION MODELS. For the estimation of accurate inactivation times, mechanistic kinetic models 
were used to study each of the mechanisms occurring during the SODIS process (thermal, photonic, and UV-T 
synergistic) separately, in order to propose appropriate kinetic schemes for the inactivation of each type of 
microorganism. The thermal effect was always modelled with a first-order kinetic model in which an Arrhenius 
equation was applied to the kinetic constant to consider the temperature variable. The photonic effect was modelled 
with different kinetic models depending on the complexity of the pathogen. For viruses, a simple first-order kinetic 
model was used. For protozoa, a series-event model that considers the accumulation of n levels of damage to 
achieve the inactivation of the pathogen was used (this model also considers the recovery of pathogen, “losing” 
levels of damage). And, for bacteria, a multiple hit, multiple target that is the couple of two series-event kinetic 
models, and it is useful if the pathogens receive two different sources of damage (in this case: photons and radicals). 
Finally, the UV-T synergy was modelled by including and Arrhenius equation into the photonic kinetic constant. More 
details regarding the kinetic modelling can be found in (García-Gil et al., 2020b) for viruses (García-Gil et al., 2020a) 
for protozoa, and (García-Gil et al., 2022a, 2022b) for bacteria.

CONCLUSIONS

This work presents the development of a comprehensive kinetic model that estimates the solar exposure time 
required in containers subjected to the SODIS process. This model takes into account the transport of spectral 
radiation from the sun to the pathogens (including attenuation caused by the atmosphere, container’s walls, and 
naturally occurring substances dissolved in the water) and the mechanistic chemical reactions that occur during 
thermal and/or solar inactivation of viruses, protozoa and bacteria.

Figure 1. Scheme of the methodology proposed in this work for the integral modelling of the SODIS process.
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SUMMARY

According to actual trends on applying circular economy principles in the management of Wastewater Treatment 
Plants (WWTPs), in the frame of the PHERTILIZER project, different WWTP configurations have been compared and 
optimized by simulation of different configurations with BioWin software to increase the amount of phosphorus (P) 
recovered as struvite in the Calahorra WWTP (La Rioja, Spain). All scenarios were based on the elutriation of the 
sludge to produce a P-rich stream to feed the crystallization reactor. As a result, the final configuration allowed the 
recovery of 119 kg/d of struvite with a reduction in H2S emissions and a reduction in the uncontrolled precipitation 
of P in the anaerobic digestion stage.

INTRODUCTION

The objective of the PHERTILIZER Project, “Circular system for phosphorus recovery and agronomic valorisation”, 
aims to recover P in WWTPs as struvite for its valorisation as fertiliser. Furthermore, the uncontrolled precipitation 
of P in the anaerobic digester reduces the efficiency of this stabilisation process and increases the operational 
problems and costs. In addition, the implementation of P recovery systems before to the anaerobic digestion shows 
a reduction of the uncontrolled precipitation of P during the digestion (Bashan y Bashan, 2004) and an improvement 
of the overall P recovery in WWTPs.

Moreover, elutriation of the sewage sludge processes has been effective in reducing 43% P losses in WWTPs due to 
uncontrolled precipitation of P (Bouzas, et al., 2019). Therefore, all the scenarios compared in this study are based 
on the elutriation of the thickened sludge in order to produce a P- rich stream to feed a controlled struvite precipitation 
process. Simulation software BioWin allows the comparison of different strategies for the elutriation process 
without affecting the WWTPs. This study presents different WWTP layouts and illustrates how the elutriation strategy 
will affect the critical points in the stages of wastewater treatment processes, including H2S emissions.

METHODS

The BioWin simulation model has been developed from the actual Calahorra WWTP configuration and the initial 
design of the P-recovery plant (Figure 1). This model was calibrated and validated based on daily experimental 
results from the Calahorra WWTP and the specific characterisation of the Chemical Oxygen Demand (COD) fractions. 
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The validated model (base line layout) was then modified to analyse different scenarios (Figure 2), each adjusting 
and improving the operational parameters (see Table 1) to new conditions for their study and evaluation. The 
simulated scenarios are as follows: Layout 1) elutriation of mixed sludge in the gravity thickener; Layout 2) elutriation 
of mixed sludge in a mechanical thickener; Layout 3) elutriation of only waste activated sludge (WAS) in a mechanical 
thickener (without any contribution of primary sludge).

Figure 1. Demonstration P-recovery plant, picture and layout on BioWin software.

Figure 2. BioWin simulation layouts. (A). Base line scenario. (B). Elutriation in the gravity thickener. Layout 1. (C). Elutriation in the 
mechanical thickener. Layout 2. (D). Elutriation of WAS. Layout 3.

Table 1. Main operational parameters, adjusted to the conditions of each scenario.

Base line 
Layout (L.0) Layout.1 Layout.2 Layout.3

Temperature (ºC) — 18 — —

Aeration required Nm3/h 7,326 6,354 6,312 6,354

MLSS mg/L 2,320 2,077 2,218 2,182

VMLSS % 75.22 76.92 76.40 76.54

Sludge Age days 24.31 22.70 22.44 24.38
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RESULTS AND DISCUSSION

Based on the simulation study of different configurations and considering that the main difference between them is 
the configuration of the elutriation process, the results evidence that the way the elutriation is performed is the key 
stage to improve not only the global WWTP efficiency but also the P recovery process and the H2S emissions.

As a result, in all of the studied scenarios, the elutriation of the sludge combined with the struvite crystallisation 
process shows a reduction of 10-18% of the final sludge production and a reduction of 10% of the energy consumed 
during the biological process. Nevertheless, all the scenarios show a slight reduction of the biogas production and 
its methanogenic potential, according to Lee, et al. (2019), with layout 3 being the scenario that minimises this effect 
(see Table 2).

Table 2. Critical parameters obtained for each scenario.

Layout.0 Layout.1 Layout.2 Layout.3

Biogas
m3/h 61.39 50.85 53.37 57.40

m3/d 1,479 1,223 1,286 1,383

CH4

% 62.10 61.70 62.24 61.40

m3/d 918 756 800 849

pH MC — 5.05 4.49 4.99 6.65

pH Digestion — 6.82 6.91 6.89 6.77

H2S MC
mg/l 253 220 203 0.36

kg/d 27.41 28.39 3.90 0.01

H2S Digestion
mg/l 74 78 79 113

kg/d 24.83 20.14 22.84 37.74

Sludge production kgMS/d 1,850 1,514 1,644 1,594

Aeration energy ratio kWh/m3 0.21 0.18 0.18 0.18

P-precipitation in anaerobic digestion kg/d 181 143 142 0.23

Struvite recovery kg/d — 98.03 71.18 118.85

In addition to the typical operational parameters, BioWin allows the study of the evolution of the sulphur cycle 
through the WWTP in each different scenario to evaluate the impact of H2S emissions and its effect on workplace 
health and costs due to its corrosive properties (Lardín, 2016). The results of this study show how the elutriation of 
mixed sludge increases H2S emissions in the mixing chamber (MC) and in the thickener where elutriation takes 
place (figure 3A), increasing the emissions in the gravity thickener up to 23% with layout 1. The increase of these 
emissions is related to the contribution of primary sludge in the mixed sludge chamber. Elutriation of primary sludge 
induces a drop of the pH values of the thickened sludge and, therefore, the pH in the mixing chamber. Since H2S 
solubility is inversely related to the pH value (EPA, 1985), an increase of the H2S emissions will be observed when the 
pH values drops.

Moreover, with the elutriation of only WAS from the biological process (layout 3), sulphur is present in its most 
oxidised form, reducing the risk of sulphurous gas emissions during the elutriation process and leaving its 
concentration under the limit of detection in the mixing chamber. However, this scenario increases H2S emissions 
during the anaerobic digestion when WAS is mixed with primary sludge under anaerobic conditions after the 
elutriation process. This effect can be resolved by the addition of FeCl3 to the biogas. Finally, P balance (figure 3B) 
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of layout 3 shows a P recovery efficiency of 119 kg/d. Accordingly, layout 3 appears as the best alternative to reduce 
uncontrolled precipitation of P, increase P recovery and reduce side effects of the elutriation process.

Figure 3. Relevant operational results. (A) H2S emissions (kg/d). (B) P distribution in the WWTP (kg/d).

Table 3. Operational parameters of the struvite recovery plant.

Elutriation stream Layout.1 Layout.2 Layout.3

Elutriation Flow % MC flow 45% 50% 70%

Elutriation Flow m3/d 80.8 94.9 255.8

Dry Matter (DM) mg/l 23,164 29,091 9,160

Operational parameters Gravity Thickener. Mech.Thick.(1) WAS Mech.Thick.(1)

Solids loading rate kgMS/d 1,872 2,761 2,343

HRT h 13.37 — —

Surface loading rate kg/m2d 44.85 — —

P-rich stream

Flow m3/d 561.87 144.56 329.54

Total P
mg/l 64.65 235.53 104.43

kg/d 36.33 34.05 34.41

Crystallization reactor

V. reaction zone m3 94 25 55

HRT h 4.0 4.2 4.0

pH 9.6 9.7 9.8

(1) Mech.Thick. = Mechanical thickener.

CONCLUSIONS

It can be assumed that struvite recovery combined with elutriation of thickened sludge does not have negative effects 
on the global operation of the WWTP, bringing several improvements such as the recovery of a valuable product 
(struvite), the reduction of P concentration in the effluent, the reduction of sludge production, and the reduction of 
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energy consumed during the aeration process. In addition, by the elutriation of only the waste activated sludge, H2S 
emission will be concentrated in the anaerobic digestion, and it can be removed by the upgrading of the biogas.
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CONTEXTO

Los grandes retos a los que se enfrenta la sociedad actual serán más fáciles de superar con el apoyo de la tecnología 
y las herramientas digitales.

Frente a estos desafíos, Agbar, grupo comprometido con la preservación del medio ambiente, apuesta por la 
Transformación Digital de las operaciones y procesos en el ámbito de la gestión del ciclo integral del agua y de la 
salud ambiental y ofrece colaboración y soluciones innovadoras a las administraciones, las industrias y la ciudadanía 
para lograr territorios más sostenibles en su hoja de ruta hacia la transición ecológica para alcanzar los objetivos de 
la Agenda 2030.

En el proceso de aceleración de la transformación digital, la compañía apuesta por la incorporación de nuevas 
tecnologías, como el Internet of things, los gemelos digitales, el big data, la inteligencia artificial, el computer vision 
o el machine learning, que, junto con el conocimiento avanzado de la operación, permite transformar por completo 
la gestión urbana del ciclo del agua y ambiental, incrementando la eficiencia en la prestación de estos servicios y 
mejorando el rendimiento de todos los activos que forman parte de las infraestructuras.

DINAPSIS, RED DE HUBS DE TRANSFORMACIÓN DIGITAL PARA LA RESILIENCIA, 
SOSTENIBILIDAD Y SALUD AMBIENTAL DEL TERRITORIO

Dinapsis es una palabra que nace de otras dos: ‘digital’ y ‘sinapsis’, que es la transferencia de información entre las 
neuronas.

La red Dinapsis despliega soluciones digitales de referencia para la transformación digital de la gestión del agua y 
la salud ambiental de los territorios, promoviendo el desarrollo de ciudades inteligentes, resilientes y verdes.

Además, se apuesta por la co-creación y las alianzas para establecer sinergias, aplicando el conocimiento adquirido 
y la creatividad colectiva. Los hubs Dinapsis permiten de esta manera escalar y adaptar las soluciones digitales a 
las necesidades reales de cada territorio, en torno a la gestión sostenible del agua, el medio ambiente y la salud 
ambiental, facilitando una óptima gestión de los recursos.
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Los hubs Dinapsis tienen como objetivos:

• Gestionar, en tiempo real, los servicios y activos relacionados con el ciclo integral del agua y la salud am-
biental, vía los centros de control operativos.

• Co-crear y desarrollar nuevas soluciones mediante la colaboración con terceros (startups, universidades, 
administraciones, centros tecnológicos, empresas, etc.), vía los labs de innovación.

• Establecer un contacto directo entre ciudadanía y empresas, vía los showrooms, donde se presentan todas 
las iniciativas y tecnologías vanguardistas desarrolladas junto con el ecosistema emprendedor de la re-
gión, con el objetivo de difundir la excelencia de la ciudad y el territorio. Además, pretenden sensibilizar a 
la ciudadanía sobre la gestión responsable del agua por medio de juegos, realidad aumentada y otros so-
portes de educación.

SOLUCIONES DIGITALES PARA LA GESTIÓN DEL AGUA, Y LA SALUD AMBIENTAL 
DE LAS CIUDADES Y LA INDUSTRIA

Dinapsis ofrece soluciones digitales enfocadas en tres áreas:

• Dinapsis for Water: Soluciones digitales para optimizar el ciclo del agua. La suite de servicios digitales de 
Dinapsis for Water integra las tecnologías más avanzadas con el fin de optimizar la gestión operativa del 
ciclo integral del agua 24x7.

• Dinapsis for City: Soluciones digitales para acelerar y mejorar la transición ecológica de las ciudades.

• Dinapsis Circular Economy: Soluciones digitales para ayudar a las industrias a ser más sostenibles

LA APUESTA POR LA INNOVACIÓN

En una continua exploración de nuevas ideas para desarrollar capacidades, productos y servicios, Dinapsis conjuga 
la innovación más abierta, disruptiva y digital con los centros de innovación distribuidos por múltiples ciudades de 
España.

Los hubs Dinapsis permiten ampliar el conocimiento de las necesidades reales de la ciudadanía y crear potentes 
ecosistemas y alianzas generando fuertes vínculos con start-ups, centros de emprendimiento y universidades con 
el objetivo de conocer las tecnologías con las que trabajan, co-crear conjuntamente y generar soluciones que 
contribuyen a una mejor calidad de vida de las personas.

El despliegue de la red de hubs Dinapsis permite contribuir al desarrollo de ciudades inteligentes, resilientes y 
verdes con los siguientes resultados:

• Ahorro de la emisión de 5.497 toneladas de dióxido de carbono.

• Más de un billón de litros de agua residual son tratados anualmente.

• 24 megavatios de biogás generado al año.

• Más de 4.000 sensores controlados en la red.

• Más de 7.000 estaciones de captura de datos.

• Más de 67.000 kilómetros de red sensorizada.
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• 2.000.000 contadores de telelectura instalados.

• 10 algoritmos predictivos diseñados para controlar los procesos operativos clave en el Ciclo Integral del 
Agua.

• 4,5 millones de litros al año ahorrados con la gestión digital de consumos.

Los hubs Dinapsis a su vez se nutren de los datos y la experiencia de Agbar en gestionar el agua potable de más de 
1.000 municipios y 12 millones de personas en España, lo que representa más de 67.000 km de redes de 
abastecimiento de agua potable y más de 35.000 km de saneamiento, todas ellas con un alto grado de sensorización, 
con más de 6.000.000 de objetos IoT conectados, lo que se traduce en unos 15 terabytes de datos generados y 
gestionados diariamente, un volumen de información fundamental para calibrar y garantizar la fiabilidad de los 
algoritmos de Inteligencia Artificial, que ya están incorporados en todos los procesos clave.
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The energy consumption in wastewater treatment plants (WWTPs) varies depending on volume of water treated, 
organic load and the type of treatment technology used and it is estimated to entail in typical WWTPs between 25 
and 40% of total operating costs (Panepinto et al., 2016). This value varies between the range of approximately 0.3-
2.1 kWh/m3 of treated wastewater (Gandiglio et al., 2017). Albadalejo et al. (2014) concluded that the energy 
consumption increases in an exponential way while the size of WWTP decreases, from values of 0.286 kWh/m3 of 
wastewater treated in facilities for the treatment of 200,000 population equivalent (p.e.) to 2.807 kWh/m3 
of wastewater treated for the treatment of 250 p.e. In addition to the economic costs for the use of energy, which in 
the current context are increasing, the use of energy in WWTP, mostly from fossil sources, causes the emission of 
27 million tons of CO2 in the EU (Lotti, 2016). On the other hand, Spain produces 22% of all pig heads in the EU (Foged 
et al., 2011), which implies the need to manage approximately 36,083 miles of tons of manure per year, that have the 
potential production of 992 million cubic meters of biogas by anaerobic digestion, which represents 1.2% of the 
annual production of natural gas. This biogas production have to be summarized to the annual energy production 
from wastewater that it is estimated in 11,062 GWh. In this context, the present work proposes the application of the 
concepts of the circular economy in the treatment of pig manure through their co-digestion in WWTP digesters. 
Thus, a circular solution is proposed for the waste generated in pig farming while obtaining renewable energy.

Despite the advantages of pig manure co-digestion in WWTP, it presents a series of challenges, such as: i) inhibition 
due to a high concentration of ammonium, ii) high alkalinity content of the pig manure, iii) inhibition due to a high 
metal content and iv) inhibition of the process by the presence of antibiotics. For this reason, and to determine the 
potential of pig manure treatment in WWTP, in this work the effect of the organic load of pig manure in WWTP 
digesters on the kinetics of methane production has been evaluated.

Experiments were carried out in batch at laboratory scale in Automatic Methane Potential Test System, AMPTS II 
(Bioprocess Control, Sweden) using an inocula adapted to manure degradation from WWTP digester. The assays 
were conducted for the determination of kinetics constants with five replicates at four different concentrations 
(0.25, 0.5, 1 and 2 kg volatile solids (VS) of pig manure/m3) plus blank at mesophilic conditions (35 ºC). The 
experiments were finished when the instantaneous methane production matched that of the blanks.

The determination of the theoretical methanogenic potential was carried out based on the nutritional composition 
of the pig manure, and for the determination of the degradation kinetics, first-order kinetics were assumed for 
hydrolysis and Monod kinetics for the semi-saturation constants. The determination of the lag phase was made 
using the modified Gompertz model.
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The statistical indicators correlation coefficient (R2) and root mean square error (RMSE) were used to assess the 
mathematical adaptation of applied models and t-student tests were applied to evaluate the fitting of the results 
obtained for the different organic loads and parameters obtained with the studied models.

Maximum biochemical methanogenic potential (BMP) were observed with the dose of 0.25 and 0.5 kg VS/m3 
(Table 1) and similar biodegradability index in these both doses were found. This indicates that optimal pig manure 
dose for the inocula tested is 0.5 kg VS/m3 as this is the maximum dose with the highest methane production.

Table 1. Theoretical and empirical BMP values and biodegradability index for organic loads of pig manure tested.

OL,  
KgVS/m3

BMPT,  
LCH4/kgVS

BMPmax, 
LCH4/kgVS/d BI, %

0.25

684

525 ± 17 76.7 ± 2.5

0.50 516 ± 38 75.4 ± 5.6

1.00 195 ± 33 28.5 ± 4.8

2.00 213 ± 07 31.1 ± 1.0 

Graphical representation of the methane production per gram of VS (Figure 1) corroborates the optimum dose. In 
this figure it can be seen a huge difference between maximum productions of methane of doses lower than 0.5 kg 
VS/m3 and those higher than 1 kg VS/m3, which were 60% lower. In addition to this, 50% of production was reached 
in less than 21 days in lower doses and it was needed more than 31 days for higher ones. The Kinetics determinations 
(Ks) calculated showed same tendencies with negligible differences for loads lower than 0.5 kg VS/m3 (values 
between 0.7 and 0.8 d-1) and between higher loads, with values about 2.9 d-1. The values obtained with optimal dose 
were noticeably higher than the 0.24 d-1 obtained by Li et al. (2013).

Figure 1. Evolution of methane production with the addition of each organic load of pig manure tested.
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Results of the application of modified Gompertz equation adjusted well to empirical ones as indicated in Table 2, 
with RMSE values higher than 0.97 for all doses tested. Lag phase, which is the time needed to begin the degradation 
of pig manure, notable increased in doses higher than 0.5 kg SV/m3 in which were 3-4 times longer than in lower 
doses.

Table 2. Parameter values of kinetic models for each pig manure organic load tested.

OL,
KgVS/m3

Rmax,  
LCH4/kgVS/d λ, d P,  

LCH4/kgVS RMSE

0.25 396 ± 42 0.02 ± 0.03 922 ± 29 0.98 ± 0.01

0.50 380 ± 19 0.08 ± 0.06 917 ± 67 0.98 ± 0.01

1.00 225 ± 05 0.41 ± 0.01 255 ± 05 0.99 ± 0.00

2.00 148 ± 01 0.32 ± 0.00 155 ± 01 0.98 ± 0.00

The results showed that pig manure can be valorised in WWTP anaerobic digesters prior to acclimatization. On the 
other hand, kinetic modelling of BMPs by calculating the constant Ks and by using the modified Gomperz equation, 
enables the prediction of the methane generated as a function of time for each substrate and organic load with a 
good adjustment.
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INTRODUCCIÓN

Durante la operación de las Estaciones Depuradoras de Aguas Residuales (EDAR) se generan grandes cantidades 
de fangos, cuya aplicación directa en suelos agrícolas se utiliza, a menudo, como método de gestión. Sin embargo, 
esta práctica, además de suponer altos costes, plantea ciertos riesgos medioambientales y sanitarios que todavía 
se están investigando y debatiendo. De hecho, se prevé que las normativas sean cada vez más estrictas para 
prevenir y proteger la calidad de los suelos, prohibiendo incluso, en un futuro a medio plazo, la aplicación de fangos 
que no hayan sido sometidos a tratamientos más intensivos (por ejemplo, térmicos). En este contexto, el proyecto 
RECREATE propone un esquema de tratamiento innovador que combina Biorreactores Anaerobios de Membrana 
(AnMBR) y tratamientos convencionales (sedimentación primaria y digestión anaerobia) para la conversión de la 
materia orgánica en metano (véase Figura 1). Así, para evitar los posibles problemas sanitarios y de contaminación 
por diversos microcontaminantes asociados al uso agrícola de los fangos, en este proyecto se propone someterlos 
a un proceso de Carbonización Hidrotermal (HTC). Con este tratamiento termoquímico, se genera una corriente 
sólida (hidrochar), una corriente gaseosa (principalmente CO2) y una corriente líquida (LFHTC) con altas 
concentraciones de materia orgánica y nutrientes, cuya recirculación al reactor AnMBR o al digestor anaerobio (DA) 
hace posible su valorización (De la Rubia et al., 2018). Al mismo tiempo, el proceso HTC garantiza la seguridad 
sanitaria del mencionado hidrochar, permitiendo así su uso directo en la agricultura y su utilización como material 
adsorbente o biocombustible sólido de elevado poder calórico (Kim et al., 2014; Langone y Basso, 2020). El proyecto 
incorpora nuevas tecnologías al esquema de tratamiento de aguas residuales urbanas, lo que impulsa el cambio de 
paradigma mediante la transformación de las actuales EDAR en Instalaciones de Recuperación de Recursos (IRR), 
aplicando los principios de la economía circular y la seguridad sanitaria.
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OBJETIVOS

El proyecto RECREATE presenta, como uno de sus objetivos generales, maximizar la valorización de la materia 
orgánica presente en las aguas residuales urbanas mediante la combinación de la carbonización hidrotermal de 
fangos deshidratados junto con tratamientos anaerobios con tal de obtener biogás y un biosólido sanitario y 
ambientalmente seguro (hidrochar). Para cumplir con este objetivo general, se persiguen los siguientes objetivos 
específicos: (a) determinar las condiciones óptimas de funcionamiento del proceso HTC (temperatura, duración, 
volumen de reacción, humedad del alimento) que permita la valorización del hidrochar obtenido y la recuperación 
de la materia orgánica y los nutrientes presentes en la fracción líquida producida, (b) estudiar el efecto de la 
recirculación de la LFHTC sobre el rendimiento del AnMBR y la calidad de las corrientes de permeado, biogás y lodos 
obtenidas, (c) determinar las condiciones óptimas de la codigestión anaerobia de fangos primarios espesados y 
fangos residuales del AnMBR con la LFHTC (tiempo de retención de lodos, tasa de carga orgánica), (d) evaluar la 
capacidad del esquema de tratamiento para eliminar microorganismos patógenos, contaminantes emergentes y 
genes resistentes a los antibióticos, y (e) comparar el esquema de tratamiento propuesto con un tratamiento 
convencional considerando aspectos de seguridad sanitaria, económicos y medioambientales.

MATERIALES Y MÉTODOS

Durante el proyecto se realizarán estudios experimentales tanto a escala piloto como de laboratorio. Para ello, se 
dispone de una planta piloto AnMBR, propiedad del grupo CALAGUA, situada en la EDAR Cuenca del Carraixet, 
Valencia. Esta planta, que se alimenta con el efluente del decantador primario (SP) de la propia depuradora, está 
compuesta por un reactor anaerobio (AnR) conectado a dos tanques externos (TM) que contienen de membranas 
de ultrafiltración de fibra hueca. Además, se ha diseñado y construido un digestor anaerobio para tratar el fango 
procedente de la planta AnMBR y fango primario espesado obtenido de la planta industrial. Ambos reactores 
operarán en condiciones mesófilas y están equipados con sondas de pH, temperatura, redox y medidores 
volumétricos del biogás producido. Los fangos digeridos en el DA se deshidratarán y se introducirán en el proceso 
HTC (Figura 1). Por su parte, dicha carbonización hidrotermal se efectuará en un reactor de alta presión con 
capacidad de 2 L (Parr 4524, Parr Instrument Company, USA), situado en el laboratorio de la Universidad de Valencia. 
Este equipo funciona en modo discontinuo a una temperatura entre 180 y 250 ºC bajo presión autógena.

Figura 1. Resultados de la simulación preliminar para el diseño de los equipos previstos en el esquema de tratamiento 
propuesto.
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RESULTADOS ESPERADOS Y CONCLUSIONES

La integración de los procesos de DA y HTC para el tratamiento de fangos de depuradora, constituye un enfoque 
prometedor cuyo interés se ha visto reflejado en un aumento de las investigaciones en los últimos años. El proceso 
HTC representa una forma de recuperación de energía a partir de biomasa húmeda, evitando las operaciones de 
presecado y trabajando a una temperatura mucho más baja que las tecnologías convencionales de conversión 
térmica. En este proyecto se realizarán estudios para la determinación de los rendimientos de masa y energía en el 
proceso HTC, la caracterización del hidrochar y la LFHTC obtenidos, así como la producción de metano a partir de 
la DA de la LFHTC. El hidrochar será deshidratado y caracterizado para evaluar su potencial aplicabilidad como 
enmienda del suelo, biocombustible sólido o material adsorbente. Según Ipiales et al. (2021), alrededor de los 200°C 
parece ser la temperatura óptima del proceso HTC que conduce a la mayor recuperación de energía y a la mejor 
capacidad de tratamiento de la LFHTC. Asimismo, se han reportado valores de potencial de metano de la DA en el 
rango de alrededor de 200-350 N mL CH4/g DQO añadido, asociados a una eliminación de DQO desde el 60% hasta 
más del 80%. Por otro lado, el proyecto también contempla la recuperación de nutrientes presentes en la fracción 
líquida (N y P) en forma de sulfato amónico y estruvita.
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INTRODUCTION

The constant increase in water scarcity that has been occurring over the last few years at a global level has highlighted 
the need to seek alternative sources of this resource. It is therefore essential to improve the treatment given to 
wastewater, not only with the aim of not continuing to pollute existing bodies of water, but also to promote its reuse. 
To this end, new processes have been developed in recent years that seek to complement conventional treatments 
to eliminate recalcitrant pollutants and obtain an effluent of the highest possible quality. In this context, advanced 
oxidation processes (AOPs), those based on the generation of sulfate radicals, have attracted attention as they are 
able to inactivate microorganisms at the same time as degrading organic compounds (such as drugs and pesticides) 
that are not eliminated during conventional treatments [1]. However, one of the main shortcomings of research in 
this field is the lack of pilot-scale or full-scale trials, with most of the studies carried out so far being small-scale [2]. 
Therefore, in this work we have proposed the optimisation, on a pilot scale, of several AOPs based on sulfate radicals 
for wastewater disinfection and decontamination. For this purpose, a pilot plant located at Universidad Politécnica 
de Madrid has been used to simultaneously remove pathogens and organic pollutants. Moreover, phytotoxicity 
analysis of the water has been carried out after these treatments. The main oxidant used was peroxymonosulfate, 
combined with UV-A radiation, hydrogen peroxide (H2O2) and/or ozone (O3) to enhance the generation of radicals. 

MATERIAL AND METHODS

All the experiments carried out during this study were conducted in a pilot plant manufactured by the company 
APRIA Systems, in which 35L of water were treated in each experiment. This plant has a UV-A reactor (λ=365nm) 
and an ozonizer, which can be connected and disconnected depending on the treatment to be carried out. Optimisation 
experiments have been carried out using a commercial strain Enterococcus faecalis as target species. During these 
treatments, different doses of PMS were studied, as well as their combination with radiation, H2O2 and/or O3. Once 
this stage was completed, four optimal treatments were selected and the simultaneous elimination of three bacteria 
(E. faecalis, E. coli and S. aureus) was analysed, as well as the elimination of tetracycline and diclofenac.

As well, phytotoxicity analyses were carried out on water samples before and after the treatments, using two different 
seed species: Solanum Lycopersicum (Tomato) and Raphanus sativus (Radish).
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Finally, in order to determine the reactive species, present to a greater extent during the treatments, a series of 
experiments were carried out in the presence of radical scavengers. Methanol (as scavenger of sulfate and hydroxyl 
radicals) and tert-butanol (as scavenger of hydroxyl radicals) were used.

RESULTS AND DISCUSSION

As many studies have already highlighted, PMS is a compound that has been shown to have some oxidative power 
on its own. Moreover, although UV-A radiation alone was shown to have some ability to activate PMS, much better 
results were obtained when H2O2 was added to the treatment. Specifically, the conditions under which the best 
inactivation results were achieved were 1.5 PMS and 1.5 mM H2O2, eliminating 105 CFU/mL of Enterococcus faecalis, 
in 60 min.

Even faster results were obtained by combining 0.5 mM PMS with ozone. While ozone alone already has a high 
disinfectant capacity, the combination of the two oxidants yields better results, achieving total inactivation of the 
microorganisms in just 20 minutes. In addition, the scavengers’ study revealed that by combining PMS and O3, most 
of the disinfection takes place due to the generation of sulphate radicals and not by direct oxidation of ozone as was 
previously the case. One of the main disadvantages of ozone disinfection is the potential formation of potentially 
hazardous disinfection by-products, so risk is greatly minimised when combined with PMS, as one of the advantages 
of advanced oxidation processes is the non-generation of disinfection by-products [3].

Once the best treatments were determined, their efficacy in the simultaneous elimination of microorganisms was 
studied, the results of which can be seen in Figure 1. The increase in the complexity of the medium because of the 
presence of three species of microorganisms affected the speed of the treatments, increasing the time required to 
eliminate E. faecalis. However, despite this increase, all proposed scenarios were still shown to have a high 
disinfectant capacity.

Simultaneously to the inactivation of microorganisms, the elimination of tetracycline and diclofenac was studied, 
being the treatment combining ozone and PMS the only one that managed to considerably reduce the concentration 
of drugs in the water. However, when analysing the effect of these treatments on the phytotoxicity of the water, it was 
observed that treatments including ozone tend to increase toxicity, probably due to by-product formation. However, 
this phenomenon is reduced when PMS is included in the process.

Congreso YWP SPAIN, 2022. Valencia

barraquete
Nuevo sello



Pilot-scale evaluation of various advanced oxidation processes for wastewater treatment disinfection and decontamination    244

Figure 1. Inactivation of E. faecalis, E. coli and S. aureus by a) PMS [1.5 mM] + UV-A irradiation, b) PMS [0.5 mM] + O3 and c)  
PMS [1.5 mM] + H2O2 [1.5 mM] + UV-A irradiation.
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SUMARIO

Actualmente en Europa, se producen 44.000 millones de m3/año de agua potable. Para su tratamiento, coagulantes 
sintéticos inorgánicos como el policloruro de aluminio (PAC), en dosificaciones de 20-30 mg/l, son ampliamente 
dosificados en las etapas de coagulación-decantación en la plantas potabilizadoras.

El aluminio residual es un parámetro de control en el efluente que comporta una seria preocupación ya que existen 
conexiones en la relación del aluminio y estudios de neurotoxicidad (Gauthier et al., 2000) y que se rige en agua 
potable mediante el RD140/2003. Además, la eficiencia en el proceso de coagulación-decantación es primordial 
para favorecer la eliminación y adsorción de contaminantes en los filtros de carbón activo y limitar su saturación y 
contra-lavados. La utilización de fuentes superficiales como son el Rio Turia y Canal Júcar-Turia, con diferentes 
características en cuanto a calidad en materia orgánica, turbidez o microbiología existente hace que se necesite un 
coagulante que pueda interactuar con mayor cantidad de grupos funcionales y rango de pH, presente en la matriz 
de agua bruta,del que proporciona el policloruro de aluminio. Por el contrario, observando los resultados en diversos 
estudios, el uso de coagulantes naturales implica ventajas si se atiende a la necesidad de complementar con otros 
reactivos como agentes neutralizantes reduciendo la dosificación de coagulante/coadyuvante y generación de más 
volumen de fangos (Renault et al.,2009).

El objetivo principal de este proyecto es validar una nueva e innovadora tecnología, medioambientalmente sostenible 
para la producción de agua potable en el proceso de coagulación-decantación. Es un producto de tres pasos ya que 
sustituiría un producto corrosivo tipo C, como es el policloruro de aluminio y reactivos como CO2 para el ajuste de 
pH así como coadyuvantes como acrilamidas o polidadmacs.

El pilotaje se ha construido en la Planta potabilizadora de La Presa, en Valencia que es capaz de proporcionar hasta 
275.000 m3/dia a más 800.000 habitantes.

El pilotaje consta de una planta piloto con toda una etapa de coagulación, floculación y decantación lamelar y un 
posterior sistema de filtrado en arena con un depósito de almacenaje así como una zona de preparación y 
dosificación de reactivos. La planta es capaz de funcionar de forma autónoma con conexión a un PLC (autómata) 
y sensorización para su monitorización.
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Figura 1. Planta piloto Safe T Water en La Presa.

Los resultados muestran ventajas considerables en la comparación del coagulante natural con sales de aluminio, al 
necesitar de dosificaciones un 30% menores, así como la eliminación de turbidez de forma significativa sobre todo 
en aquellos casos donde las turbideces del influente son sensiblemente bajas. Es observable la generación de 
flóculos de más tamaño que los obtenidos con sales de aluminio y que sedimentan mejor en la superficie del 
paquete lamelar y lo hacen además en un amplio margen de caudales (tiempos de residencia).

 

Figura 2. Flóculos en el paquete lamelar y cámara floculación con un coagulante natural.

Como aspectos a resaltar en el proceso de potabilización, ante la utilización de pre-oxidaciones se puede generar 
un aumento en la formación de los trihalometanos.

Figura 3. Comparativa a diferentes caudales de la dosificación de coagulante natural y de policloruro a turbideces  
bajas < 2NTU de influente.
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La eliminación de turbidez con ayuda de coadyuvantes concluye que a 3 m3/h obtiene un 8-9% más que utilizando 
policloruro de aluminio, variando en mayor proporción con menores tiempos de residencia en el decantador.

Figura 4. Comparativa a diferentes caudales de la dosificación de coagulante natural y de policloruro a turbideces altas utilizando 
un coadyuvante.

LIFE SAFE_T_WATER (LIFE19 ENV/ES/000049) es un proyecto cofinanciado por la Unión Europea en el marco del 
Programa LIFE, que es el instrumento financiero que respalda proyectos medioambientales, de conservación de la 
naturaleza y de acción climática en toda la Unión Europea.
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OBJECTVE

The main scope of this work is to investigate the performance of different filtration media in the pretreatment before 
Reverse Osmosis (RO) process in the Alicante desalination plant. Pretreatment systems are a fundamental part of 
the process when it comes to designing the desalination systems. An inadequate pretreatment system can become 
a source of problems and limitations that can cause important damages in the process, such as the deterioration of 
the RO membranes, which can have a major economic impact. Several different RO pretreatment technologies exist. 
From all of them, Alicante desalination plant pretreatment is constituted by pressurized sand filtration (without 
coagulant or flocculant dosing), followed by 5µm cartridge filtration. Due to the quality of the intake water, containing 
a high amount of fine clay particles, the pressurized sand filters become clogged in short period of time. This leads 
to an increase in the backwash frequency, which implies a higher backwash water consumption and higher 
expenditure of energy, economic and hydraulic resources. Consequently, the necessary pretreatment amount in 
order to produce at maximum RO plant capacity cannot be reached.

Several alternatives were considered for improving the current pretreatment process. Among them, pilot testing 
AFM (Activated Filter Media) and other multimedia layers have been studied and compared with the performance of 
the actual sand filtration media. The experiments are still being carried out under different operation scenarios.

INTRODUCTION

Alicante II desalination plant pretreatment consist of 18 pressurized horizontal media filters (13.4 m x 3.5 m) using 
a 1.0 m depth single filtration media based on 0.5-1.0 mm silica sand having a uniformity coefficient (UC) of 1.44 
and effective size (ES) of 0.62. Due to the quality of the raw water, by operating with this type of silica sand, it is not 
possible to reach the expected media filtration and consequently RO plant performance, since the media filters are 
clogged to fast requiring a high backwash frequency. As an alternative, different filtration media are being evaluated. 
Among them, AFM is compared to other multimedia layers in this on-site pilot plant study. In order to develop the 
investigations, two different set of experiments have been performed:

• Test 1. AFM performance was compared with the sand filtration media that is currently used at Alicante II 
full scale horizontal pressure filters.
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• Test 2. AFM together with anthracite as well as another multimedia filter constituted by anthracite, garnet 
and sand were compared with the current filtration media.

The results of the two different set of experiments are shown in this paper.

RESEARCH CONDUCTED

Up to four pilot units (P-840, P-841, P-520 and DAFU-720) have been used in order to develop the research. Each one 
of them contain different filter media grades and layer heights. The research has been carried out under different 
scenarios. Different velocities have been applied: 8 m/h and 12 m/h for filtration and 25 m/h and 35 m/h for 
backwash.

When it comes to testing and evaluating the most effective filter media, not only the quality of the filtered water 
needs to be analyzed, but also the filtration capacity together with the frequency between backwashes, both are 
crucial factors in media filtration. Considering all these points, the following main factors where crucial for the 
experiments and the required outcome:

1. Water Quality. Effect of the studied filter media on the water quality.

2. Particle Analysis. Efficiency of each filter media in terms of particle removal.

3. Hydraulic capacity. Media filtration capacity.4.

The pilot plant performance of the different tested filter media configurations has been compared with the Alicante 
II full-scale horizontal pressurized silica sand filters and one full scale filter containing another commercial filtration 
media (media X).

The figures and graphs are shown below.

CONCLUSIONS

AFM filtration media, provides positive values in terms of water quality: SDI values between 1-1.5. This quality values 
can be assumed constant (Table 2).

Run time between backwashes depends on filtration velocity. At higher velocities (12 m/h) the AFM performance 
and run time between backwash remains similar as at 8 m/h filtration velocity, while the run time of the existing sand 
and media X has halved.

The combination of AFM with anthracite in pilot plant P-841 (Test 2) the filtrate water quality remains similar as the 
AFM tests performed in Test 1. Water quality through a filter bed constituted by garnet, sand and anthracite in pilot 
plant P-840, Test 2 is similar than the one obtained with AFM + anthracite filter bed (P-841).,performance is reached 
with a filter media combination (multimedia layers) in the same filter bed where the top layer using anthracite 
considerably helps to reduced backwash frequency.

It can finally be concluded that besides a slightly better multimedia performance of AFM + anthracite (P-841) over 
the garnet, sand and anthracite (P-840) either of the two multimedia configuration are valid alternatives for installation 
in the pretreatment of a desalination plant.
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Table 1. Bed Heights Specifications.

Test 1 

Plant Description Bottom Layer Layer 1 Layer 2 Top Layer Total height 

DAFU-720
AFM Grade3

2-4 mm
(110 mm)

AFM Grade 2 
0.7-2 mm
(75 mm)

AFM Grade 1 
0.4-0.8 mm
(500 mm)

685 mm

P-840
AFM Grade 2 

0.7-2 mm
(150 mm)

AFM Grade 1 
0.4-0.8 mm (300 

mm)

AFM Grade 0 
0.2-0.4 mm
(400 mm)

850 mm

P-520
AFM Grade 2 

0.7-2 mm
(100 mm)

AFM Grade 1 
0.4-0.8 mm
(750 mm)

850 mm

Test 2 

Plant Description Bottom Layer Layer 1 Layer 2 Top Layer Total height 

P-840
Garnet

1.4-2.5 mm (150 
mm)

Garnet
0.3-0.5 mm
(150 mm)

Sand
0.4-0.8 mm (400 

mm)

Anthracite 0.8-1.6 
mm (400 mm) 1.100 mm

P-841
AFM Grade2

0.7-2 mm (200 
mm)

AFM Grade1
0.4-0.8 mm
(600 mm)

Anthracite
0.8-1.6 mm (250 

mm)
1.050 mm

Table 2 Bed Heights Specifications.

Test 1

Parameters Water Intake Sand Media X DAFU-720 P-840 P-520

SDI 5.59 2.50 2.44 0.94 0.91 1.18

Removal (%) 55.37 56.28 83.24 83.65 78.81

Turbidity (NTU) 3.25 0.53 0.49 0.58 0.59 0.75

Removal (%) 83.84 84.83 82.20 81.87 76.90

Test 2

Parameters Water Intake Sand Media X P-840 P-841

SDI 5.72 2.24 2.0 1.70 1.26

Removal (%) 60.84 64.29 69.64 77.50

Turbidity (NTU) 3.32 0.57 0.64 0.80 0.72

Removal (%) 82.82 78.67 73.33 76.00
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Table 3. Particle Analysis Results for particles smaller than 1µm.

Test 1

Sand Media X DAFU-720 P-840 P-520

Particles 
Removal (%) 63.42 68.38 77.63 77.94 61.61

Test 2

Parameters Sand Media X P-840 P-841

Particles 
Removal (%) 40.62 47.46 46.62 56.19

Figure 1. Filtration capacity. Experiments carried out at 12 m/h filtration velocity for Test 1.

Figure 2. Filtration capacity. Experiments carried out at 12 m/h filtration velocity for Test 2.
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RESUMEN

La adaptación de las estaciones depuradoras de aguas residuales (EDAR) para recuperar fósforo (P) a partir de las 
aguas residuales (ARU) es indispensable ante la previsión de agotamiento de sus reservas minerales en las próximas 
décadas. Los procesos actualmente implementados a escala industrial centran la recuperación tras la etapa de 
digestión anaerobia. Sin embargo, el P disponible para la recuperación se reduce por su precipitación incontrolada 
durante la digestión.

En la EDAR de Murcia Este se modificó la línea de fangos para obtener una corriente líquida enriquecida en 
ortofosfato (PO4) antes de la digestión anaerobia. Esto ocurre en un proceso en dos etapas en el que el poli-P 
eliminado biológicamente y contenido en el fango es solubilizado y el fango resultante, enriquecido en PO4, elutriado 
con el fango primario en los espesadores por gravedad para extraer el PO4 en el sobrenadante. En la EDAR, con una 
eliminación promedio durante la operación del 47.8 ± 20,6%, la concentración de P-PO4 en el sobrenadante fue de 
41,1 ± 8.8 mg L- 1, que representa el 18.8 ± 6.9% del contenido en P en el afluente. El proceso fue operado con un 
controlador en lógica difusa, que mostró una gran estabilidad independientemente de las condiciones de operación.

INTRODUCCIÓN Y OBJETIVOS

El P es un elemento esencial para garantizar la producción alimentaria a nivel global de carácter no renovable, 
extraído de reservas muy localizadas y cuyo agotamiento está previsto que ocurra en las próximas décadas. Por 
todo esto fue incluido en la List of Critical Raw Materials publicada en 2020. Estas circunstancias hacen indispensable 
el desarrollo de tecnologías que alarguen su vida útil. De las distintas tecnologías implementadas a escala industrial 
para su recuperación, la mayor parte se basan en la recuperación en EDAR a partir de las ARU, después de la 
digestión anaerobia, donde gran parte de él se pierde a causa de su precipitación incontrolada. Actualmente se 
están estudiando distintas opciones a diferentes niveles que superen esta limitación y que mejoren la sostenibilidad 
de la extracción y consumo de P para afrontar la perspectiva de su agotamiento (Robles et al., 2020). Entre ellas está 
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la recuperación antes de la digestión, que además es una oportunidad para mejorar la operación de las EDAR al 
reducir la precipitación incontrolada de P y los problemas que lleva asociados (Roldán et al., 2020).

En este trabajo se evalúan tanto la operación a escala industrial de la nueva línea de fangos de la EDAR de Murcia 
Este (España) como su control para la extracción de P del fango biológico.

MATERIALES Y MÉTODOS

La EDAR de Murcia Este trata alrededor de 100.000 m3 d-1 y durante el periodo de operación la eliminación biológica 
de P en la línea de aguas fue del 47,8 ± 20,6%. La línea de fangos consta de dos espesadores de gravedad para el 
fango primario, un espesador DAF para el fango biológico y una pequeña cámara de mezcla previa a la digestión.

En la nueva configuración de la línea de fangos (Figura 1), se construyó un depósito anaerobio para favorecer la 
solubilización del poli-P contenido en las bacterias PAO. El fango biológico enriquecido en PO4 se elutria junto al 
fango primario en ambos espesadores por gravedad.

Figura 1. Diagrama con la nueva configuración de la línea de fangos y principales controladores de lógica difusa.

Mientras que la operación de la línea de fangos en su configuración inicial era gestionada con controladores marcha-
paro, en la nueva configuración se implementó un controlador basado en lógica difusa. La purga del depósito 
anaerobio se controló mediante una sonda de nivel y 2+1 bombas y en cada espesador por gravedad con una sonda 
de altura del manto de fangos y 1+1 bombas.

RESULTADOS Y DISCUSIÓN

Durante la operación de la EDAR con la configuración original de la línea de fangos, la concentración de P-PO4 en el 
sobrenadante de los espesadores por gravedad fue de 6,7 ± 0,7 mg L-1, el 3,0 ± 0,5% del P contenido en el afluente a 
la EDAR. Durante el periodo estudiado operando con la nueva configuración la concentración aumentó hasta los 
41.1 ± 8.8 mgP L-1, el 18.8 ± 6.9% del afluente (Figura 2). Esta concentración llegó a alcanzar 58,8 mg L-1 de manera 
ocasional. Sería esperable el incremento en la concentración de PO4 en los sobrenadantes de los espesadores tras 
optimizar la eliminación biológica de P en la línea de aguas. Esto incrementaría el poli-P almacenado por los 
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organismos PAO, su posterior solubilización y extracción en los sobrenadantes. La Figura 3 muestra la actuación del 
controlador de lógica difusa para mantener el nivel del manto de fango en uno de los espesadores por gravedad 
próximo a la consigna mediante su bombeo durante un periodo de 36 horas.

Figura 2. Comparación de la concentración de 
P-PO4 en la corriente de recupeación operando la 

línea de fangos nueva y la original.     

Figura 3. Actuación del controlador del nivel de 
manto de fangos durante 36 horas representativas 

de la operación de la EDAR.

CONCLUSIONES

El estudio en la EDAR de Murcia Este constata la modificación en la gestión de corrientes de la línea de fangos como 
una vía prometedora para la recuperación de P al conseguir incrementar la concentración de PO4 con anterioridad a 
la digestión anaerobia. Esto evita la entrada de P en la digestión anaerobia y por tanto reduce la precipitación 
incontrolada de P que supone un problema operacional de importancia en las EDAR con digestión anaerobia y 
eliminación biológica de P.

El controlador de lógica difusa mostró una elevada capacidad para minimizar los efectos de las perturbaciones 
durante la operación de la EDAR, relacionadas con la sedimentabilidad del fango biológico en los espesadores por 
gravedad y mantener las distintas variables medidas alrededor de las consignas establecidas. De esta manera, 
podemos considerar los controladores de lógica difusa como una opción válida para operar la línea de fangos.

La extracción del 18,8% del P afluente a la EDAR con una eliminación biológica inferior al 50% incentiva y anima a 
profundizar la investigación e implementación a gran escala de esta tecnología como vía para alargar el ciclo de 
vida del P.

REFERENCIAS

Robles, Á., Aguado, D., Barat, R., Borrás, L., Bouzas, A., Giménez, J. B., Martí, N., Ribes, J., Ruano, M. V., Serralta, J. Ferrer, J. 
& Seco, A. (2020). New frontiers from removal to recycling of nitrogen and phosphorus from wastewater in the Circular 
Economy. Bioresource Technology, 300, 122673. https://doi.org/10.1016/j.biortech.2019.122673.

Roldán, M., Bouzas, A., Seco, A., Mena, E., Mayor, A. & Barat, R. (2020). An integral approach to sludge handling in a WWTP 
operated for EBPR aiming phosphorus recovery: Simulation of alternatives, LCA and LCC analyses. Water Research, 
175. https://doi.org/10.1016/j.watres.2020.115647.

barraquete
Nuevo sello



Cutting edge Automation for the Al Khobar I Project    255

Congreso YWP SPAIN, 2022. Valencia

Cutting edge Automation for the Al Khobar I Project

E. Palmero1, A. Pérez2, A. Beivide2

1  Automation and Control Department, ACCIONA, Water Business, Madrid, Spain  
(e-mails: epalmero@acciona.com).

2  Head of Automation and Control Department, Water Business, Madrid, Spain  
(e-mails: alperezb@acciona.com Alejandro.beivide.garcia@acciona.com).

Keywords: Automa tion, control system, digital twin, remote start-up.

INTRODUCTION

Automation has evolved these days to a stage where it just not performs a task without human intervention, but also 
provides a cutting-edge integration system in all aspects related to the control of a complete plant. In the water 
sector, automation is present from the beginning of a project, generating a digital twin, which is a virtual replica of 
the plant, to the end, when a plant is in its operation stage and there can be developed algorithms to optimize 
processes.

The efficiency improvement that automation can achieve in water treatment plants is a key factor and a necessity in 
countries with water scarcity. Saudi Arabia is one of these countries and the Al Khobar I desalination plant [1], 
located in the city of Al Khobar, at the east of the country, is a seawater desalination reverse osmosis (SWRO) plant; 
it has been a key project in the modernization of the water sector.

PLANT DESIGN

Al Khobar I desalination plant (Figure 1) has been producing over 210,000 m3 of drinking water per day since 
December 2020, supplying a population equivalent of 350,000.
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Figure 1. Al Khobar I Desalination Plant.

The process areas of this desalination plant are depicted below.

Seawater Intake System

The seawater intake system can consistently provide sufficient volume of seawater to meet the required volume at 
all possible operation points of the plant. It consists of four screening channels and, at the forebay downstream, nine 
vertical centrifugal pumps, in a duty-standby configuration (6+3), providing up to 26,000 m3/h.

Pre-treatment

The first stage of the pre-treatment is the Dissolved Air Flotation (DAF), including pH correction with sulfuric acid, 
coagulant dosing with ferric chloride and polyelectrolyte and 12 DAF units with rapid mixing, flocculation and 
dissolved air flotation. The second stage includes 22 dual media filters (DMF) that feed the filtered water tank, which 
is pumped by the filtered water pumps (6+2) to feed reverse osmosis (RO) racks.

Reverse Osmosis

To protect the high-pressure (HP) pumps, as well as the membranes, cartridge filters are disposed at the discharge 
of the filtered water pumps. After these filters, it is necessary a dichlorination process with sodium bisulphite dosing.

The high conductivity of the Persian-Gulf seawater, up to 72 mS/cm, request for a two-pass RO system consisting of 
12 RO first pass and 12 RO second pass racks. Both first and second pass racks are part of the same rack. First pass 
includes HP pumping, RO membrane racks, energy recovery system (ERD) and ERD booster pumps. To prevent the 
scaling and fouling of the RO membranes, antiscalant is dosed in both passes. First pass rear permeate flows into 
the Second Pass, where salinity is decreased even further, with the help of booster pumps. To improve the borate 
rejection of these membranes, sodium hydroxide is dosed at the feed of the second pass to increase pH.

Remineralization

Permeate water from RO is pumped to the remineralization stage, which consists of the injection of CO2 saturated 
water and limestone filters to provide the required drinking water quality. Additionally, potable water is dosed with 
sodium hydroxide to adjust pH and disinfected using chlorine before reaching the potable water tanks.
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Waste Treatment

Floated material from the DAF is treated in the wastewater treatment, consisting of two gravity thickeners, dewatering 
centrifuges and final sludge storage in silos. Supernatant from both centrifuges and sludge thickeners is pumped 
into the outfall, as well as the backwash water from DMF cleaning, blended with the RO brine reject. In case this 
water has high content of solids, it will also be pumped to the wastewater treatment.

CUTTING EDGE AUTOMATION

One of the key elements that automation covers is the human interface with the plant. This task corresponds to the 
SCADA (Supervisory Control and Data Acquisition) system, which is the software that encompasses the control and 
supervision of an industrial process. The SCADA integrates the communication with the signals collected in the 
PLCs (Programmable Logic Controllers) to supervise and control processes, and record and analyse both real-time 
and historical data. As a human interface, the SCADA process screens are developed based on the Piping and 
Instrumentation Diagrams (P&IDs), but also need to be more intuitive and user-friendly, integrating the necessary 
elements to control the process (see Figure 2).

Figure 2. SCADA process screen of Dual Media Filters area

There are nine PLCs in AL Khobar I project that collect signals from equipment and instruments from all different 
areas of the plant. A software running in a computer called Engineering Station (ES) is used to develop the control 
system program, which can be later downloaded to the corresponding PLCs. This program includes the parametrization 
between the real instruments and equipment of the plant with their virtual equivalents in the program and all the 
necessary coding to program the control system philosophy of the plant.

This program has been tested and optimized in a digital twin prior to the plant start -up. This is a virtual replica of the 
plant that simulates all the processes that take place. The digital twin is connected to the program so that all the 
simulated instruments and equipment are linked to their corresponding ones of the program, allowing the testing of 
automated processes in virtual equipment and reducing the risk of damaging real devices, e. g. pumps, during the 
first start-up. The digital twin of Al Khobar I plant also made possible a hydraulic study to test the piping design, as 
well as to set operator parameters and setpoints. It is also worth mentioning that now, in the operation stage of the 
project, the digital twin serves as an operator training station (OTS), creating different scenarios for the plant 
operators to gain experience in an off-line, non-intrusive environment with no damage on the actual plant.

Al Khobar I project dealt with the COVID pandemic and related difficulties. The plant start-up was planned to take 
place by April 2020, but with the travel restrictions, a remote commissioning had to be developed with minimal staff 
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on-site. A local team on site supported the Madrid team during the first commissioning period, with remote 
connections from Acciona’s Water Control Centre (CECOA) to Al Khobar I plant SCADA servers and clients, and ES, 
following all the cybersecurity measurements. The remote support allowed the testing of control system programs, 
plant’s equipment start-up, water and electrical circuits and the beginning of operations with remote supervision. 
Over this remote start-up phase, both pretreatment area and eight out of twelve RO racks were commissioned by the 
end of October 2020, allowing the completion on schedule by the end of 2020.

This desalination plant is currently in full operation. The next step is to analyze the data that is beign collected and 
apply algorithms and techniques such us Machine Learning and Neural Networks.

Thanks to these, it is possible to obtain a higher RO conversion ratio, optimize chemical’s dosage and reduce energy 
consumption, improving efficiency to minimize operational costs. These new technologies also allow the 
implementation of virtual meters to analyze water quality variables without the need of laboratory samples and to 
change dynamically process parameters to increase plant efficiency.

CONCLUSIONS

Al Khobar I desalination plant has set the bar for the automation field of future water plants. The program developed 
has been standardized to be adapted in future desalination plants, saving time in this stage of any project. Digital twin 
technology offers opportunities for the testing, training and even the research of upcoming water treatment techniques. 
COVID pandemic made it necessary to start-up the plant remotely. This remote commisioning was the first ever 
performed in a desalination plant of this magnitude and has been a milestone for projects ahead. Emerging technologies 
offer limitless oportunities to optimize water plants for a better use of this resource over the years to come.
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In the context of the gradual depletion of fossil energy resources, the European Commission has issued numerous 
directives stating that by 2050 greenhouse gas emissions should be reduced by 80% compared to 1990 levels. A 
change in the energy paradigm is required, replacing the conventional model with a more sustainable one with 
renewable resources as a key element. It is worth noting the emphasis that the EU places on environmental policy, 
with the inclusion of the best use of renewable resources and the reduction of waste in its Action Plan for the 
Circular�Economy�of�2015�(European�Commission,�2015).�One�of�the�most�promising�ways�to�achieve�a�sustainable�
economy� is� the� Biorefinery� concept,� a� set� of� processes� for� obtaining� fuel,� energy� and� chemical� products� from�
lignocellulosic biomass. This material is the most abundant residue in the world, therefore, its use exploitation has 
great�economic�and�environmental�advantages�(European�Commission,�2017).

In� the� Valencian� region,� rice� straw� constitutes� a� potential� substrate� in� the� biorefinery� context,� due� to� both� its�
abundance and to the need for a change in its environmental management. Rice straw is composed of three main 
macromolecules:�lignin�(polyphenols),�cellulose�and�hemicellulose�(carbohydrates),�forming�a�complex�and�resistant�
three-dimensional�structure.�One�of�the�main�difficulties�in�the�exploitation�of�lignocellulosic�biomass�lies�in�obtaining�
carbohydrates,�which� are� difficult� to� access� due� to� their� linkages�with� lignin.� An� adequate� pretreatment� should�
extract lignin selectively and increase the surface area of biomass, enhancing the accessibility to carbohydrates 
(Wyman�et al.,�2019).�The�use�of�water�in�the�pretreatment�represents�the�greenest�alternative�for�biomass�processing.�
However, the effectiveness of water in biomass deconstruction was limitated requiring high operation temperatures, 
so a green and energy-saving alternative should be developed to open the possibility to exploit the lignocellulosic 
biomass.�Recently,�deep�eutectic�solvents�(DES)�have�gained�attention�as�green�solvents�for�biomass�pretreatment,�
as�they�can�be�formulated�to�be�biodegradable,�biocompatible�and�biorenewable�(Li�et al.,�2018).�Chemically,�DES�are�
binary or ternary mixtures made up of a minimum of one hydrogen bond donor and one hydrogen bond acceptor, 
strongly associated with each other through hydrogen bond interactions. These mixtures are characterized for 
having�the�resulting�DES�lower�melting�points�compared�to�that�of�their�components�(Bhagwat�et al.,�2021).�In�the�
biorefinery� context,� DES� are� proven� to� extract� lignin� from�biomass� by� breaking� its� linkages�with� carbohydrates,�
obtaining high hydrolysis of sugars.
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In�this�context,�this�work�aims�to�develop�an�efficient�method�to�extract�lignin�from�rice�straw�in�order�to�exploit�its�
lignin and sugar fractions, substituting the conventional hydrothermal pretreatment where water cannot be recovered. 
In� this�sense,�a�DES�composed�by�choline�cloride� (ChCl),�p-toluenesulfonic�acid� (pTSA)�and�etylene�glycol� (EG),�
which are biorenewable materials, was synthetized to use in the pretreatment of rice straw. The synthesis consisted 
in�a�simple�mixing�under�heating�and�stirring�mixing�the�components�in�a�molar�relationship�1:1:9�(ChCl:pTSA:EG).�
Pretreatment of rice straw with the DES was carried out in pressure tubes at 80ºC using a 10% of solid loading, 
varying the time between 15 min and 4 hours. After washing samples to remove the DES, the selected solids were 
enzymatically�hydrolyzed�by�using�30�FPU�Cellic®�CTec2/g�dry�solids,�50�ºC,�pH�of�5.5�and�72�hours.�Results�were�
compared to pretreatment with water in an autoclave, using a temperature of 121ºC for 2 hours and a 10%w/w of 
solid loading.

After pretreatment of rice straw with water, only 5% of the lignin was extracted, corroborating the poor selectivity of 
water in the dissolution of lignin. Even at a lower temperature of 80ºC, DES pretreatment could improve the extraction 
of lignin respect to water pretreatment in all the cases tested. In fact, only by using a pretreatment time of 15 
minutes a lignin extraction of 33% was obtained. The extraction of lignin increased with the pretreatment time 
achieving�the�maximum�for�1�hour,�as�reflected�in�Figure�1.�In�addition�of�its�efectiveness�in�rice�straw�pretreatment,�
the use of this green solvent represented a low-cost alternative to the use of water, since energy requirement was 
drastically reduced. In this sense, the use of temperatures lower than 100ºC and times as short as 15 minutes also 
represented a more suitable way concerning an industrial scale application.

Figure 1. Comparison of lignin extraction after the different.

The�effectiveness�of�DES�pretreatment�was�corroborated�by�enzymatic�hydrolysis�of�the�samples�(Figure�2).�The�
efficient�extraction�of�lignin�by�the�use�of�DES�directly�impacted�the�hydrolysis�of�sugars,�which�are�hightly�desirable�
in�a�biorefinery�context.�After�pretreatment�with�water,�only�a�47%�and�18%�of�glucose�and�xylose,�respectively,�was�
hidrolyzed.�The�minimum�sugar�hydrolysis�obtained�after�DES�pretreatment�consisted�in�an�87%�and�76%�of�glucose�
and xylose, respectively, which was obtained for a pretreatment time of 15 minutes. So, even the lowest sugar 
hydrolysis obtained after DES pretreatment was considerably higher than those obtained for water pretreatment. 
The extraction of lignin in DES pretreatment could overcome the barrier which suposes lignin to enzymes, which was 
not possible in the case of water pretreatment.
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Figure 2. Saccharification yield for pretreated samples with DES and water.

Therefore,�a�green�suitable�method�was�developed�to�substitute�water�in�the�field�of�biorefinery�even�under�a�less�
severe conditions, improving the economy of the process. DES pretreatment was postulated as an effective way to 
fractionate�the�biomass�in�two�valuable�fractions:�a�carbohydrate�fraction�susceptible�to�hydrolysis�and�fermentation�
into�2G-biobutanol,�and�a�lignin�fraction�very�useful�for�the�obtention�of�value-added�products�and�energy.�So,�the�
methodology developed represented a simple and low-cost way to lignocellulosic waste valorisation.
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ABSTRACT

Durante la experiencia de AQUATEC trabajando en el campo de la rehabilitación y el acondicionamiento de 
conducciones�mediante� tecnologías� sin� zanja,� se� han� ido� encontrando�diversas�problemáticas� en� el� interior� de�
estas, tanto en redes de agua potable, como en redes de saneamiento y conducciones industriales.

Dependiendo� de� las� características� del� líquido� que� circula� por� cada� conducción� se� pueden� llegar� a� encontrar�
problemáticas�muy�variadas�que�van�desde�coloración�en�las�aguas�en�las�redes�de�distribución,�a�elevadas�pérdidas�
de�carga�en�impulsiones�y�reducciones�del�diámetro�efectivo�debido�principalmente,�al�depósito�de�sedimentos�y�a�
la�generación�de�biofilm.

Mantener las conducciones limpias y en buenas condiciones es necesario por muchas razones [1] y hasta el 
momento,�los�métodos�tradicionales�como�el�flushing,�que,�aunque�no�es�un�método�de�limpieza�como�tal,�es�muy�
utilizado� para� realizar� descargas,� no� resultan� efectivos� en� la�mayoría� de� los� casos� y� la� utilización� de�métodos�
mecánicos� como� el� pigging o swabbing, que, aunque son efectivos, poseen un alto coste y riesgo para las 
conducciones.�Es�por�ello�que�desde�AQUATEC�se�han�desarrollado�dos�principales�tecnologías,�muy�eficaces�y�que�
reducen�significativamente� riesgos�y� los�costes�de� las� limpiezas� tradicionales.�En�este�artículo�se�habla�de� los�
fundamentos�de�los�sistemas�Ice�y�Air�Scouring�y�se�comentan�distintos�casos�de�éxito.

ICE SCOURING

El�Ice�Scouring�es�un�método�de�limpieza�que�utiliza�hielo�líquido�para�realizar�la�limpieza�de�conducciones.�Tal�y�
como se muestra en la Figura 1, aislando el tramo a limpiar, se introduce el slurry de modo que se forma un “tapón” 
que�es�arrastrado�mediante�agua�a�través�de�la�tubería,�limpiando�a�su�paso�sedimentos,�depósitos�y�toda�clase�de�
suciedad�no�incrustada.�Puede�utilizarse�en�todo�tipo�de�materiales�y�en�diámetros�hasta�600�mm,�y�se�adapta�a�
cualquier tipo de trazado.
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Figura 1. Esquema de funcionamiento del sistema Ice Scouring.

AQUATEC�dispone�de�más�de�10�años�de�experiencia�utilizando�este�sistema.�En�la�Figura�2�se�muestran�la�cantidad�
de�metros�que�Aquatec�ha�limpiado�a�lo�largo�de�su�experiencia.�Cabe�destacar�que�esta�tecnología�se�utiliza�en�
redes�presurizadas�de�distribución,�saneamiento�e� industriales.�Las� limpiezas�más� importantes� realizadas�en�el�
último� año� han� sido� en� importantes� plantas� de� la� industria� alimentaria,� industrias� farmacéuticas� y� químicas.�
Además,�se�realizan�limpiezas�preventivas�de�redes�de�abastecimiento�en�distintas�localidades�del�mapa�español.

Figura 2. Cantidad de metros limpiados por año mediante la tecnología Ice Scouring desde 2012.

Por�otro�lado,�cabe�destacar�que�este�sistema�posee�una�eficacia�de�entre�el�90-95%�en�comparación�con�métodos�
mecánicos� como� el� pigging,� evitando� la� problemática� de� atascos� que� pueden� llegar� a� suponer� estos� últimos.�
Asimismo,�en�la�Figura�3,�se�puede�observar�la�eficacia�de�este�método�de�manera�cualitativa�a�través�de�muestras�
recogidas en una de las últimas limpiezas realizadas durante este 2022 donde se ve la disminución de coloración 
por sedimentos conforme avanza la limpieza. Cuantitativamente, se pueden medir los sólidos suspendidos totales 
tras una limpieza, pudiendo dar una referencia de la cantidad de sedimentos que se encuentran en la conducción. 
Así� también,�en� la�Figura�4�se�muestran� las�disminuciones�de� las�pérdidas�de�carga�en� las� impulsiones�de�una�
industria�después�de�la�realización�de�varias�limpiezas,�demostrando�que�conforme�se�utiliza�el�sistema�Ice�Scouring�
se�obtienen�mejores�eficacias�en�los�bombeos,�conllevando�también�un�ahorro�energético.
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Figura 3. Muestras recogidas durante limpieza mediante la tecnología Ice Scouring.

Figura 4. Mejora de las pérdidas de carga en impulsión industrial.

AIR SCOURING

El sistema Air Scouring es un sistema que tiene como fundamento la formación mezcla agua-aire a elevada 
velocidad,�de�modo�que�se�forme�un�flujo�turbulento�slug, que consiste en regiones alternativas de gas y tapones de 
líquido� [2].�La� limpieza�mediante�esta� tecnología,�como�se�muestra�en� la�Figura�5,�se� realiza� introduciendo�aire�
comprimido en la conducción y produciendo la mezcla con el agua de forma que el movimiento de los slugs provoca 
la�eliminación�de�sedimentos�y�biofilm.
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Figura 5. Esquema del funcionamiento del sistema Air Scouring.

Gracias�a�la�elevada�velocidad�de�circulación�de�los�fluidos�es�posible�limpiar�tuberías�de�todo�tipo�de�materiales�y�
diámetros�con�un�elevado�rendimiento,�ya�que�pueden�limpiarse�hasta�4�kilómetros�en�un�mismo�tramo,�reduciendo�
costes y consumos de agua respecto a los habituales flushing.

Al�igual�que�el�Ice�Scouring,�esta�tecnología�puede�utilizarse�en�una�gran�variedad�de�aplicaciones�y�puede�eliminar�
todo� tipo� de� sedimentos� que� no� se� encuentren� incrustados� en� la� tubería.� AQUATEC� ha� realizado� trabajos� de�
mantenimiento en redes de abastecimiento para evitar coloraciones indeseadas debido a depósitos de hierro y 
manganeso,�obteniéndose�unos�rendimientos�muy�elevados�y�unos�excelentes�resultados,�tal�como�se�puede�ver�en�
la�Figura�6.

 

Figura 6. Antes y después en la limpieza de una red de aguas de abastecimiento con problemática de coloración en las aguas 
debido a la sedimentación de hierro y manganeso.

Por otro lado, el sistema Air Scouring es un buen sistema para la realización de mantenimientos preventivos. 
Actualmente,�AQUATEC�ha� instalado�un� sistema�fijo�Air� Scouring�para� la� limpieza�del� colector� principal� en�una�
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fábrica�de�papel�y�celulosa,�con�grandes�resultados�y�mejorando�los�problemas�de�elevadas�pérdidas�de�carga�en�el�
bombeo�principal,�tal�y�como�se�muestra�en�la�Figura�7,�y�reduciendo�elevados�costes�de�personal�y�producción�al�
evitar la realización de piggings anuales.

Figura 7. Evolución de las pérdidas de carga de la impulsión de efluente en una instalación industrial con las limpiezas realizadas 
mediante el sistema Air Scoruing.

CONCLUSIONES

Nuevas� tecnologías� de� limpieza� de� conducciones� son� necesarias� para� el� correcto� mantenimiento� de� las�
conducciones.�Las�tecnologías�Ice�y�Air�Scouring�suponen�una�alternativa�a�los�métodos�tradicionales,�mejorando�
eficacias�y�rendimiento,�reduciendo�costes�económicos�y�disminuyendo�los�consumos�de�agua.

Estos sistemas avanzados pueden realizar tanto en limpiezas correctivas como preventivas, eliminando sedimentos, 
depósitos�y�biofilm�de�cualquier�conducción,�evitando�problemáticas�de�atascos�y�pudiéndose�adaptar�a�cualquier�
trazado de la conducción.
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RESUMEN

Los�sistemas�de�gestión�de�residuos�y�aguas�residuales�urbanas�(ARU)�no�recogen�la�totalidad�de�las�necesidades�
sociales�y�ambientales�de�la�actualidad�dentro�de�un�escenario�de�cambio�climático�y�escasez�de�fuentes�de�energía�
y�recursos�naturales.�La�adaptación�a�este�escenario�requiere�de�la�minimización�del�consumo�energético�en�todos�
los�procesos�posibles,�así�como�la�recuperación�y�reciclaje�de�recursos�que�garantice�una�Economía�Circular.�En�el�
tratamiento de ARU la respuesta a estas necesidades pasa por los tratamientos anaerobios en bio-reactores 
anaerobios�de�membranas�(AnMBR),�en�los�que�se�ha�estimado�una�reducción�significativa�en�los�OPEX�y�el�impacto�
ambiental con respecto a los sistemas convencionales de fangos activados. Al tratar las ARU juntamente con la 
FORSU�estas�reducciones�de�OPEX�e�impactos�ambientales�todavía�son�mayores�gracias�al�aumento�en�la�producción�
de metano y el ahorro en la gestión de RSU.

El�proyecto�LIFE�Zero�Waste�Water�pretende�estudiar�no�sólo�el�proceso�del�co-tratamiento�de�ambas�corrientes�en�
un sistema AnMBR, sino las distintas estrategias previas de gestión de la FORSU, incluyendo el uso de trituradores 
domésticos� como�alternativa� al� transporte�por� carretera�de� la� FORSU.� La� incorporación�de� la� FORSU�permitiría�
impulsar�la�transformación�de�las�actuales�EDAR�en�instalaciones�de�recuperación�de�recursos�(IRR)�de�las�que�se�
obtendrá�agua�para� fertirrigación,�biogás�o�biometano�y�un�fango�de�elevada�calidad�para�su�compostaje�y�uso�
agrícola.

INTRODUCCIÓN

A pesar de que la legislación vigente recoge la obligación de llevar a vertedero tan solo el 10% de los residuos que 
se�eliminaban�en�1995�y� la�necesidad�de�reciclar�el�60%�de� los�residuos�generados�para�2030,�en�el�caso�de� la�
fracción�orgánica�de�los�residuos�sólidos�urbanos�(FORSU)�en�2020�tan�solo�se�recogía�selectivamente�el�10%�del�
total�de�FORSU�y�el�3%�en�el�caso�específico�de�los�residuos�de�cocina.�De�este�modo,�las�autoridades�competentes�
tienen un gran trabajo por delante tanto en el aspecto de la recogida separada como de su posterior reciclaje.

El�proyecto�LIFE�Zero�Waste�Water�tiene�por�objetivo�estudiar�y�demostrar�la�viabilidad�de�los�AnMBR�como�solución�
para� la� valorización� y� reciclaje� de� la� FORSU� al� ser� tratada� junto� con� las� aguas� residuales� urbanas� (ARU).� Esta�
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propuesta�de�tratamiento�conjunto�promueve�la�transformación�de�las�actuales�EDAR,�en�su�mayoría�basadas�en�
procesos�aerobios�para�poblaciones�de�hasta�50.000�habitantes�equivalentes�(h.e.),�para�convertirlas�en�instalaciones�
de� recuperación� de� residuos� (IRR)� anaerobias,� fomentando� el� uso� de� los� trituradores� domésticos� (Food Waste 
Disposers,� FWDs)� como� método� de� gestión� para� los� residuos� de� cocina� municipales,� evitando� su� recogida� y�
transporte por carretera, con la reducción en impactos ambientales y costes económicos que ello supone.

OBJETIVOS

De�la�gestión�integrada�de�ambas�corrientes�se�espera�obtener�un�balance�energético�positivo,�unos�lodos�aptos�
para obtener compost de elevada calidad y un agua con nutrientes y libre de patógenos para fertirrigación directa. 
Además�del�tratamiento�de�ambas�corrientes�en�reactores�AnMBR�se�estudiará:

• La�estrategia�de�recogida�y�gestión�de�la�FORSU�de�domicilios�y�sector�HoReCa�en�el�área�residencial�de�
Valdebebas.

• El�transporte�de�la�FORSU�usando�FWDs�por�la�red�de�saneamiento�hasta�la�IRR,�analizando�la�reducción�del�
transporte por carretera y el% de eliminación en vertedero de la FORSU.

• Las barreras regulatorias que limitan la gestión conjunta y su conexión y transporte mediante la red de 
colectores.

MATERIALES Y MÉTODOS

En�el�proyecto�se�tratarán�conjuntamente�el�ARU�y�la�FORSU�en�una�planta�de�escala�demostrativa�diseñada�para�dar�
servicio�a�300�h.e.� (ver�Figura�1)�situada�en� la�EDAR�de�Valdebebas� (Madrid).�Durante�el�proyecto�se� iniciará�el�
estudio�del�co-tratamiento�con�FORSU�proveniente�de�servicios�HoReCa,�que�se�ampliará�a� la�FORSU�domiciliar�
recogida� por�métodos� tradicionales� (contenedor�marrón� y� puerta� a� puerta),� de�modo�que� se� pueda� estudiar� la�
influencia�del�origen�de�la�FORSU�y�el�método�de�recogida�separada�(ver�Figura�2a).

Figura 1. Imágen del sistema AnMBR de la planta demostrativa situada en la EDAR de Valdebebas.
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Figura 2. Sistema de recogida separada de la FORSU y co-tratamiento anaerobio junto a ARU en reactor AnMBR. (a); esquema de 
tratamiento completo y recuperación de recursos de la FORSU y el agua residual (b).

El�tren�de�tratamiento�incluye�el�mencionado�reactor�AnMBR�para�el�tratamiento�anaerobio�de�la�materia�orgánica�y�
un�sistema�de�membranas�de�desgasificación�para�recuperación�del�metano�disuelto�en�el�efluente,�minimizando�
las�emisiones�de�GEI.�Además,�se�desarrollará�un�sistema�inteligente�de�monitorización�y�control�del�agua�tratada�
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que�dirigirá�el�efluente�al�post-tratamiento�más�adecuado�para�la�recuperación�o�eliminación�de�nutrientes�en�función�
de� los� requisitos�de�vertido:� (1)� fertirrigación�directa,� (2)�eliminación�de�nitrógeno�mediante�nitrificación�parcial-
Annamox,�(3)�sistema�de�extracción�y�recuperación�de�fósforo�(ver�Figura�2b).

RESULTADOS Y DISCUSIÓN

Los�beneficios�del�co-tratamiento�anaerobio�de�ARU�y�FORSU�ya�han�sido�previamente�estudiados�y�descritos�en�
numerosos�estudios�de�investigación.�Sin�embargo,�el�presente�trabajo�proporcionará�información�práctica,�a�escala�
demostrativa,�con�un�enfoque�holístico�de�la�gestión�integral�de�biorresiduos�municipales�y�ARU�en�una�IRR,�dando�
lugar�a�un�conocimiento�más�amplio�que�permita�cuantificar�los�beneficios�adicionales�que�puede�suponer�el�uso�de�
FWDs�en�un�nuevo�modelo�de�saneamiento�urbano�integral.�De�acuerdo�con�los�datos�de�producción�y�composición�
de ARU y FORSU recogidos en Moñino et al.�(2016)�y�Favoino�y�Giavini�(2020),�el�metano�que�se�podría�obtener�en�
una�instalación�AnMBR�al�tratar�las�ARU�podría�proporcionar�unos�0.073�kWh�d-1 h.e.-1, que al tratar toda la FORSU 
generada�aumentaría�hasta�0.162�kWh�d-1 h.e.-1.�Algunos�estudios�apuntan,�incluso,�hacia�la�obtención�de�beneficios�
económicos netos al tratar el 40% de la FORSU generada junto a las ARU, pudiendo obtener unos OPEX de -0,011 € 
por�metro�cúbico�tratado.�Dichos�beneficios�podrían�llegar�a�-0,023�€�m-3, si se aumenta el FP hasta el 80% de la 
FORSU� generada.� Estos� datos� contrastan� con� los� OPEX� típicos� para� tratamientos� aerobios,� que� se� sitúan�
notablemente�por�encima�(Pretel�et al.,�2016).�En�este�proyecto�se�pretende�demostrar�y�cuantificar�las�ventajas�del�
sistema de saneamiento urbano integral propuesto y el tratamiento conjunto de ARU y residuos de cocina en 
instalaciones diseñadas para menos de 50.000 h.e.
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RESUMEN

El objetivo de este trabajo es determinar el impacto que producen los vertidos de una EDAR y alivios de la red de 
saneamiento�tras�fuertes�lluvias�a�una�masa�de�agua.�Para�ello�se�utilizará�los�diferentes�modelos�de�simulación�
hidráulica�y�bioquímica�de�la�zona�de�estudio,�junto�al�apoyo�de�sondas�multiparamétricas�y�drones�para�la�validación�
y�calibrado�del�modelo.�De�este�modo,�se�pueden�determinar�los�diferentes�parámetros�de�interés�como�la�zona�de�
mezcla�y�definir�mejoras�que�minimicen�el�impacto�ambiental.

INTRODUCCIÓN

Durante los últimos años, las iniciativas relacionas con la protección del medio ambiente han experimentado un 
gran crecimiento en todo el mundo, debido a la necesidad de proteger los recursos naturales del planeta. En concreto, 
dentro�de�todos�los�recursos�disponibles,�el�agua�se�considera�como�uno�de�los�activos�económicos�más�importantes�
y�su�escasez,�es�un�factor�limitante,�no�solo�para�el�desarrollo�de�las�actividades�industriales�sino�también�para�la�
sostenibilidad�de�la�fauna�y�flora.�Debido�a�la�necesidad�de�preservar�los�recursos�hídricos,�es�importante�determinar�
cuál�es�el�efecto�que�producen�las�diferentes�activades�humanas�en�las�diferentes�masas�de�agua,�como�pudiera�ser�
un alivio de saneamiento, tras unas fuertes lluvias. Es por ello por lo que se han desarrollado una gran cantidad de 
software de simulación para estudiar las masas de agua y la calidad del agua de estas.

Para realizar el estudio de las masas de agua, existen diferentes softwares. Uno de estos softwares es IBER, el cual 
permite�crear�un�modelo�hidráulico�bidimensional�que�realiza�la�simulación�del�flujo�en�ríos�y�estuarios.�IBER�permite�
resolver�la�hidrodinámica,�turbulencia,�transporte�de�sedimentos,�procesos�de�calidad�de�agua�y�habitabilidad�en�
estas�masas�de�agua�(Bladé�et al.,2014).�Gracias�a�este�software,�es�posible�determinar�cuál�es�el�efecto�de�los�
alivios�de�saneamiento�en�las�masas�de�agua,�definir�la�longitud�de�mezcla�y�mejorar�el�diseño�de�los�alivios�con�el�
fin�de�reducir�su�impacto�en�el�medio�receptor.�Por�tanto,�es�posible�crear�un�modelo�de�una�situación�real�y�analizar�
cuál�es�el�comportamiento�una�vez�realizado�el�vertido.�En�concreto,�se�da�gran�relevancia�a�la�calidad�del�agua�del�
río,� ya�que�el�modelo�computa� la�evolución� temporal�y�espacial�de�diferentes�especies�químicas�y�variables� las�
cuales�son�relevantes�para�el�estado�del�río�(Cea�et al.,2016)�como�por�ejemplo�la�materia�orgánica,�en�forma�de�
DQO, o la concentración de diferentes formas del nitrógeno o el fósforo.
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MATERIALES Y MÉTODOS

Caso de estudio

En�este�trabajo,�se�ha�desarrollado�el�modelo�de�un�río�en�España,�de�forma�que�se�pudiese�estudiar�el� impacto�
generado por un vertido de una EDAR junto a las descargas de los alivios de la red saneamiento. Las simulaciones 
se�han�realizado�en�dos�situaciones�de�caudal�del�río�distintas,�situándose�en�su�valor�bajo�de�0,59�m3/s mientras 
que�el�valor�alto�de�caudal�fue�11,77�m3/s.�El�efluente�de�la�EDAR�tenía�un�caudal�constante�de�valor�1,338�m3/s, y 
cada�alivio�aportó�un�caudal�constante�de�0,466�m3/s, habiendo en el modelo un total de 12 aliviaderos. En este 
caso,� la� simulación� tuvo�una�duración�de�139800�segundos,� es�decir,� 1,6�días,� teniendo�en�cuenta�que� tanto�el�
efluente�de�la�EDAR�como�las�descargas�de�los�alivios�empezaron�a�los�10000�segundos�del�inicio�de�la�simulación.

Metodología

Es�necesario�seguir�una�metodología�de�forma�que�se�puedan�obtener�unos�resultados�adecuados�tras�la�realización�
del�modelo.�La�metodología�seguida�se�puede�observar�en�la�Figura�1.�En�primer�lugar,�es�necesario�obtener�ciertos�
elementos,�de�forma�que�se�puedan�obtener�unos�resultados�satisfactorios.�Estos�elementos�son�los�siguientes:

• Ortofotografía:�permite�acotar�los�límites�del�dominio�que�formarán�parte�del�modelo.

• Modelo�de�elevaciones:�el�cual�aportará�la�altura�de�relieve�real�al�modelo.

Figura 1. Metolodgía aplicada.

Una�vez�limitado�el�modelo�a�partir�de�la�ortofotografía,�es�necesario�establecer�las�condiciones�de�contorno.�Para�
ello�se�deben�definir�las�condiciones�en�la�entrada�y�la�salida�del�modelo,�concentraciones�de�los�contaminantes�y�
caudal�de�entrada�al�río,�caudal�de�vertido,�concentraciones�iniciales�y�coeficientes�de�Manning.

Introducidas las condiciones de contorno, se debe generar el mallado sobre el dominio. Este paso es un punto 
crítico,�ya�que�es�necesario�disponer�de�un�mallado�adecuado.�Para�este�caso,�se�emplearon�distintos�tamaños�de�
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nodos,�siendo�5�metros�para�la�parte�exterior�del�río,�2�metros�para�el�cauce�del�río�y�1�metro�para�zonas�críticas.�De�
esta�forma,�se�obtuvo�un�mallado�con�un�total�de�117000�nodos.�Tras�la�generación�de�la�malla,�se�aplica�el�modelo�
de elevaciones previamente obtenido. La malla generada, con la elevación aplicada, y un detalle de esta, se puede 
observar en la Figura 2.

Figura 2. Malla generada y detalle de malla.

RESULTADOS Y DISCUSSIÓN

Validación de los resultados

Los�diferentes�resultados�se�han�validado�gracias�a� la� introducción�de�una�sonda�multiparamétrica�que�permite�
monitorizar�de�forma�continua�especies�de�interés�como�pH,�redox,�conductividad,�T�y�oxígeno�disuelto,�de�forma�
que�se�compararon�los�valores�obtenidos�tras�la�simulación�con�los�valores�medidos�por�la�propia�sonda.También�
se�realizó�un�barrido�con�drones�equipados�con�cámaras�termográficas�para�la�validación�de�la�pluma�de�vertido�
calculada�(Figura�3�y�Figura�4).

Figura 3. Sonda multiparamétrica utilizada y montada.
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Figura 4. Drones con cámaras térmográficas.

Análisis de los resultados

Se�han�analizado�diferentes�parámetros�durante�la�simulación,�con�los�distintos�caudales�del�río.�Entre�otros,�se�han�
obtenido�resultados�acerca�del�calado�(Figura�5),�zonas�de�erosión�y�parámetros�de�calidad�de�agua�como�DQO�
(Figura�6).

Figura 5. a) Calado en el inicio del tramo de estudio y b) DQO al inicio del tramo de estudio.
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Figura 6. Concentración DQO del río en la longitud transversal en los dos caudales de estudio.

De los resultados obtenidos, se aprecia que, en el momento de la descarga del alivio, la DQO alcanza su valor 
máximo�y�éste�se�va�diluyendo�en�función�del�caudal�que�transcurra�por�el�río.�Estos�valores�de�concentración�se�
arrastran durante 1 km si el caudal es bajo, mientras que se reducen a 400 m cuando aumenta el caudal. Respecto 
al calado, se puede apreciar como cerca del alivio el nivel de agua es mayor, debido al propio aporte, junto a las 
lluvias�y�la�orografía,�alcanzando�valores�de�0,7�metros,�mientras�que�aguas�abajo�este�calado�se�ve�reducido�hasta�
valores de 0,3 metros.

REFERENCIAS

Bladé,�E.,�Cea,�L.,�Corestein,�G.,�Escolano,�E.,�Puertas,�J.,�Vázquez-Cendón,�E.,�Dolz,�J.,�Coll,�A.�(2014).�Iber:�herramienta�de�
simulación�numérica�del�flujo�en�ríos.�Revista�Internacional�de�Métodos�Numéricos�para�Cálculo�y�Diseño�en�Ingeniería,�
Volume�30,�Issue�1,�2014,�Pages�1-10,�ISSN�0213-1315,�DOI:�10.1016/j.rimni.2012.07.004.

Cea,�L.,�Bermudez,�M.,�Puertas,�J.,�Bladé,�E.,�Corestein,�G.,�Escolano,�E.,�Conde,�A.,�Bockelmann-Evans,�B.,�and�Ahmadian,�R.�
(2016).� IberWQ:� new� simulation� tool� for� 2D� water� quality� modelling� in� rivers� and� shallow� estuaries.� Journal� of�
Hydroinformatics�18,�816-830.�DOI:�10.2166/hydro.2016.235.

barraquete
Nuevo sello



Optimizing the Performance of Electrochemical Oxidation for the Treatment of Cyanide-contaminated Effluents from the Gold Leaching Process    276

Congreso YWP SPAIN, 2022. Valencia

Optimizing the Performance of Electrochemical 
Oxidation for the Treatment of Cyanide-contaminated 

Effluents from the Gold Leaching Process

Guillermo H. Gaviria1*, Miguel-Ángel Gómez García1, Izabela Dobrosz-Gómez2

Laboratorio�de�Materiales�&�Procesos�Reactivos�(LM&PR).�Grupo�de�Investigación�en�Procesos�
Reactivos�Intensificados�y�Materiales�Avanzados�–PRISMA.

1 Departamento�de�Ingeniería�Química,�Universidad�Nacional�de�Colombia,�Sede�Manizales,�Colombia.
2 Departamento�de�Física�y�Química,�Universidad�Nacional�de�Colombia,�Sede�Manizales,�Colombia.
* Corresponding�author:�ghgavirial@unal.edu.co

Keywords: cyanide, electrochemical oxidation, gold leaching, multiobjetive optimization.

INTRODUCTION

The gold mining industry plays an important role in the world economy. Its market is forecast to grow from $214.1 
billion�in�2021�to�$249.6�billion�by�2026�(Research�and�Markets,�2022).�One�of�the�most�widely�used�technologies�for�
gold�extraction�is�cyanide�leaching�(HCN/CN-),�known�as�gold�cyanidation.�Unfortunately,�it�produces�huge�quantities�
of�wastewater�difficult�to�treat�(Elsahwi�et al., 2019).�Its�effluent�contains�the�remaining�cyanide�as�well�as�elements�
of the mineral matrix. The highly toxic CN–�remains�in�the�aqueous�phase�(it�is�not�strongly�adsorbed�or�retained�in�
soils)�and�often�forms�complexes�with�other�metallic�contaminants�(Dash�et al., 2019).

In Colombia, the maximum permissible CN–�concentration�in�effluents�originated�from�gold�mining�is�1�mg/L�(MADS,�
2015).�This�standard�has�encouraged�both�the�mining�industry�and�academia�to�develop�sustainable�and�efficient�
technologies�for�the�removal�of�cyanide�from�their�effluents.�One�of�the�most�prominent�methods�for�the�CN– removal 
from�wastewater�is�electrochemical�oxidation�(EO).�In�this�case,�the�CN– degradation mechanism depends on its 
concentration�in�the�effluent�to�be�treated�(for�example,�indirect�oxidation�for�concentrations�<500�mg�CN–/L and 
direct oxidation for concentrations >1.000 mg CN–/L))�(Öğütveren�et al., 1999).�For�some�gold�mining�operations�in�
Colombia, it has been shown that the concentrations of CN–�in�their�effluents�range�between�ca.�300�Dobrosz-Gómez�
et al. (2017)�and�5600�mg�CN–/L�(Gaviria�et al., 2006).�Recently,�Dobrosz-Gómez�et al. (2020)�evaluated�the�scope�of�
EO�for�the�treatment�of�effluents�from�the�gold�leaching�stage�with�cyanide�concentrations�>1.000�mg�CN–/L. To 
complete�the�spectrum�of�EO�application�for�the�treatment�of�cyanide-contaminated�effluents,�in�this�work�EO�was�
evaluated as an alternative for CN–�solutions�with�concentrations�<1.000�mg/L.

MATERIALS AND METHODS

The representative cyanide-containing wastewater samples were taken directly from the stream of local gold 
leaching�industrial�plant,�settled�in�Caldas�Department�(Colombia,�South�America).�In�order�to�determine�representative�
cyanide concentration, the sampling was performed quarterly, during one year. For sampling, preservation, storage 
and�transportation,�the�EPA�wastewater-�monitoring�guide�(EPA,�2017)�was�taken�as�references.�Standard�methods�
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(APHA,�2017)�were�followed�for�the�quantitative�analysis�of�Chemical�Oxygen�Demand,�COD�(SM�5220�D),�Biochemical�
Oxygen�Demand,�BOD5�(SM�5210�B),�Total�Organic�Carbon,�TOC�(SM�5310�B),�pH�(SM�4500-H+�B)�and�conductivity�
(SM�2510�B).�The� titrimetric� (SM�4500-CN-�D)�and�colorimetric� (SM�4500-CN-� E)�methods�were� implemented� to�
determine�and�follow�cyanide�concentration�(APHA,�2017).�All�reagents�were�used�as�received,�without�any�further�
purification.�Sodium�hydroxide�(NaOH,�Carlo�Erba,�97�wt%)�and�potassium�cyanide�(KCN,�PanReac,�97�wt%)�were�
used�to�prepare�the�synthetic�cyanide�solutions�required�to�perform�BBD-RSM�experiments.�Silver�nitrate�(AgNO3, 
PanReac,�99.8�wt.%)�and�p-dimethylaminobenzalrhodanine�(C12H12N2OS2,�Across�Organic,�99�wt.%)�were�used�to�
measure�the�concentration�of�cyanide�by�titration�in�the�range�of�1�–�10�mg�L-1.�Barbituric�acid�(Alfa�Aesar,�99�wt.%),�
chloramine-T� (Carloerba,� analytical� grade)� and� pyridine� (Mallinckrodt,� 99� wt.%)� were� used� to� measure� cyanide�
concentration�by�a�colorimetric�method�in�the�range�of�0.02�–�0.2�mg�L-1. The corresponding aqueous solutions were 
prepared�using�ultra-pure�water� (Milli-Q�system,�conductivity�<�1�μS�cm-1).�Sodium�chloride�(NaCl,�Carlo�Erba,�99�
wt.%)�was�used�in�the�electrochemical�process�as�support�electrolyte.�The�solution�pH�was�measured�using�a�pH-
meter Accumet®�AB15,�equipped�with�an�BOECO-BA-25�electrode,�and�adjusted�with�4M�nitric�acid�(HNO3,�Merck,�65�
wt.%).

EO�experiments�were�carried�out�in�a�jacketed�electrochemical�cell�(0.2�L),�continuously�stirred,�operating�in�batch�
mode�(30�minutes),�at�20°C,�pH�=�11,�and�NaCl�concentration�=�0.15�M.�Two�plate�electrodes�were�used�(graphite�
(anode)�and�aluminium�(cathode)),�disposed�vertically,�connected�in�a�monopolar�arrangement�to�a�DC�power�supply,�
and operating in galvanostatic mode.

The�efficiency�of�EO�process�was�evaluated�with�cyanide�conversion�(X�-),�COD�removal�percentage�(%RCOD),�and�
specific�energy�consumption�per�unit�mass�of�removed�cyanide�(EC,�kWh�kg-1),�as�follows:

 XCN-�=�
[CN-]0�–�[CN-] 

[CN-]0
� (1)

 %RCOD�=�
COD0�–�COD

COD0
�×�100� (2)

� EC�=�1.000 × V × I × t
∆[CN-] × VR

�×�100� (3)

where:�V� is�voltage� (V),� I�corresponds� to�current� intensity� (A),� t� is� the� reaction� time�(h),�VR� is� the�volume�of� the�
reacting�mixture�(L)�and�∆[CN-]�equals�to�([CN-] - [CN-]t)�(mg�L-1).

A�Box-Behnken�experimental�design�was�used�to�define�the�optimal�operation�conditions�of�EO.�Three�independent�
process�variables�(factors)�were�selected:�initial�cyanide�concentration�([CN−]0�=�100�–�1.000�mg/L);�current�density�
(J�=�5�–�100�mA/cm2);�and�stirring�velocity�(η�=�300�–�700�r.p.m.).�The�XCN-, %RCOD and EC were analyzed as response 
variables.�Quadratic�polynomial�equations�were�used�to�fit�the�experimental�data:

 Y�=�β0�+�∑βixi�+�∑βiix2
ii�+�∑�βijxixj + e� (4)

where Y is the predicted response variable, β0�is�the�constant�coefficient,�βi�is�the�ith�linear�coefficient�of�the�input�
factor xi, βii�is�the�ith�quadratic�coefficient�of�the�input�factor�xi, βij�is�the�different�interaction�coefficients�between�the�
input factors xi and xj, and e�is�the�error�of�the�model�(Montgomery,�2017).�The�optimal�EO�conditions�were�sought�
to simultaneously satisfy the maximization of XCN

− and the minimization of CE. The optimization algorithm followed 
the�ε-Constraint�method.�That�is,�the�EC�model�was�minimized�subject�to�a�conversion�limit�(between�0�and�0.98)�
and� this� limit� was� systematically� varied� to� find� the� entire� Pareto� front.� A� pattern� search� algorithm� (Matlab® 
Paretosearch tool)�was�used�to�determine�the�initial�assumption�and�a�restricted�optimization�was�performed�with�
the fmincon function�(Matlab®).
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RESULTS AND CONCLUSIONS

Figures 1 and 2 show the results obtained with the Paretosearch function as well as the results of the optimization 
restricted to each conversion value. The multi-objective optimization let to determine the Pareto front where the 
minimum CE values are successively found to reach a certain conversion. In the Pareto front, it was found that the 
optimization�has�two�zones:�(i)�one�in�which�J�is�fixed�at�its�minimum�value�and�CN�varies�until�reaching�a�certain�
conversion�(low�values)�and�(ii)�another�zone�in�which�the�cyanide�concentration�is�fixed�at�the�minimum�value�and�
increases�so�that�J�reaches�a�certain�conversion�(high�values).�This�behavior�was�verified�by�applying�a�clustering�
algorithm�(for�example,�k-means)�that�allows�the�centroids�to�be�identified�as�EO�operating�points�(Figure�2).�The�
first� centroid� (0.29,� 6.78)� is�not� interesting� from�operating�point�of� view�because� it� offers� low�CN- conversions. 
However,� the�second�centroid� (0.78,�51.58)�allows� to� reach�conversions�close� to�80%�with�an�EC�of�60%�of� the�
maximum EC.

Figure 1. Pareto front calculaded by ε-contrains 
and paretosearch.     

Figure 2. Clustering of Pareto front in two clusters.
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Herramienta GAYTA-SANEAMIENTO para la gestión  
del mantenimiento preventivo y correctivo de la red  

de saneamiento

Herramienta desarrollada por las Áreas de Conservación de Infraestructuras y Área de Aplicaciones 
Informáticas de Canal de Isabel II.

Se cuenta con permiso de dichas Áreas para la distribución de la información y, en caso de ser 
necesario, se dispondrá de dicho permiso por escrito.

OBJETO DE LA HERRAMIENTA

La gestión del mantenimiento preventivo y correctivo de la red de saneamiento se realizaba en Canal de Isabel II 
mediante�una�combinación�de�métodos�basados�en�el�uso�de�herramientas�como�Microsoft�Office,�planos�en�papel�
obtenidos�a�partir�de�la�cartografía�existente�en�la�base�de�datos�GIS�de�la�empresa,�y�un�seguimiento�mediante�
correo electrónico o comunicaciones telefónicas.

Con�el�avance�de� las�nuevas�tecnologías�4.0.�en�el�mantenimiento�de�redes�de�agua�residual,�ha�sido�necesario�
desarrollar� una� herramienta� propia� para� la� empresa� que� permita� gestionar� íntegramente� el� mantenimiento.� El�
objetivo�es�disponer�de�toda�la�información�en�una�única�fuente�de�información,�y�que�esta�sea�fiable�en�tiempo�real.�
La� herramienta� lleva� tres� años� desarrollándose� y� se� han� realizado� pruebas� reales� en� varios� municipios� de� la�
Comunidad� de� Madrid,� de� forma� que� ya� está� programado� que� su� uso� sea� extendido� por� todas� las� Áreas� de�
Conservación de Infraestructuras de Canal de Isabel II.

BASES Y DESARROLLO

Se� ha� trabajado� con� la� base� de� la� cartografía�GIS� disponible� en� la� empresa.� Sobre� esta,� se� ha� construido� una�
arquitectura�informática�basada�en�trabajos�de�mantenimiento�y�actuaciones�que�cuelgan�de�dichos�trabajos,�de�tal�
forma que cada actividad realizada sobre la red se encuentra registrada con fecha y hora en cada una de esas 
actuaciones. Se han creado varios tipos de actuaciones acordes con las que realmente se realizan en el trabajo 
diario,�como�son�la�limpieza�y�la�inspección�de�la�red,�la�vigilancia�e�inspección�visual�de�ésta,�así�como�la�limpieza�
de imbornales y aliviaderos.

Para�monitorizar�correctamente�estas�actuaciones,�éstas�se�envían�a�través�de�la�herramienta�a�un�dispositivo�móvil�
que porta la brigada que va a realizar las tareas en campo, de forma que es directamente la persona que realiza el 
mantenimiento la que introduce los resultados de mantenimiento en tiempo real, indicando si ha sido posible realizar 
dichas actuaciones y el estado real de la red. La aplicación dispone de la posibilidad de introducir fotos geolocalizadas 
a�nivel�de�cada�elemento,�así�como�de�resultados�para�cada�uno�de�ellos�(por�ejemplo,�pozos�de�acceso�a�la�red�o�
imbornales),� de� forma� que� la� información� es� discretizada� y� biunívoca� y� puede� ser� utilizada� para� general�
mantenimientos�correctivos�eficaces�y�con�muy�poca�probabilidad�de�error.
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Una vez el personal de campo cierra dichas actuaciones en su dispositivo móvil, la información es enviada al 
programa�en� tiempo�real,�de� forma�que� la� información�puede�explotarse�de�forma�gráfica�y�numérica�y�en� todo�
momento�se�pueden�conocer�datos�como:

• Número�de�elementos�inspeccionados�y�limpiados,�así�como�su�estado�(ya�sean�tramos�de�colector,�pozos,�
imbornales,�o�aliviaderos).

• Qué�trabajos�están�realizando�las�brigadas�en�tiempo�real,�y�su�situación�geográfica.

• Histórico de mantenimiento preventivo y correctivo de cada elemento.

Asimismo,�al�haberse�desarrollado�una�herramienta�con�base�gráfica,�la�explotación�de�los�datos�y�su�exportación�
es�principalmente�con�esta�base,�lo�cual�presenta�las�siguientes�ventajas:

Información visual que ofrece rapidez de interpretación y de toma de decisiones.

Rápida� exportación�para� comunicación� de� información� a� organismos� interesados� (como�Ayuntamientos�de� los�
cuales�se�gestiona�la�red�de�saneamiento�desde�Canal�de�Isabel�II).

CONCLUSIONES

Gracias�al�desarrollo�de�esta�herramienta�se�ha�logrado�una�gestión�mucho�más�eficaz�de�la�red�de�saneamiento,�así�
como�de� la�comunicación�de�todos� los�agentes� implicados,� incluyendo�al�gestor�de� la�red,�al� titular�de�ésta�y�al�
contratista que realiza habitualmente los trabajos de mantenimiento.

Para�evitar�sobrecargar�el�abstract�con�imágenes�dado�que�es�una�herramienta�informática�muy�visual,�es�preferible�
que�se�vea�el�funcionamiento�concreto�de�ésta,�así�como�un�vídeo�explicativo�de�su�funcionamiento�y�su�potencial�
a�través�del�siguiente�link,�correspondiente�a�una�ponencia�realizada�en�la�Conferencia�Esri�España�en�2021:

https://www.geoexperiencecenter.com/login?next=%2Fvideo%2Fcanal-de-isabel-ii-gestion-del-
mantenimiento-de-la-red-de-saneamiento

* NOTA: es necesario registrarse para poder visualizar el vídeo.
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INTRODUCCIÓN

España�es�uno�de�los�países�que�más�agua�embotellada�consume�de�la�UE.�En�la�ciudad�de�València,�donde�EMIVASA�
gestiona�el�abastecimiento,�el�80%�de�la�población�manifiesta�beber�agua�embotellada�y�el�principal�motivo�expuesto�
es la presencia de sabor y olor desagradable.

El�agua�de�consumo�humano�que�se�produce�en�las�plantas�potabilizadoras�que�abastecen�la�ciudad�de�València�
presenta�una�elevada�dureza�debido�a�la�litología�caliza�característica�de�la�cuenca�mediterránea,�que�le�aporta�una�
gran cantidad de sales, principalmente de calcio y magnesio. Esto, sumado a que la red de distribución de agua 
potable�que�abastece�a�València�es�especialmente�compleja�por�su�configuración�mallada,�por�su�gran�extensión�y�
por la heterogeneidad que presenta en cuanto a edad y materiales que la componen, provoca que aumenten los 
tiempos�de�permanencia�y�en�el�transcurso�del�agua�por�las�tuberías�se�formen�precipitados�y�se�adhieran�sustancias�
a�las�paredes,�favoreciendo�el�crecimiento�de�microorganismos�y�la�formación�de�biofilm.

Todo�esto� tiene�un� impacto�directo� sobre� la� calidad� físico-química� y�microbiológica�del� agua,� haciendo�que� se�
produzcan determinados episodios donde el olor y el sabor del agua no es aceptado por los usuarios, quienes 
reducen�su�consumo,�desaprovechándose�el�recurso.

Para�atajar�este�problema,�EMIVASA�ha�desarrollado�una�serie�de�metodologías�con�el�objetivo�de�mejorar�el�sabor�
del�agua�de�red�que�han�permitido�minimizar�el�riesgo�fisicoquímico�y�microbiológico�del�agua�desde�las�plantas�
potabilizadoras�hasta�el�punto�de�consumo.�Estas�metodologías�son�(1)�el�estudio�de�la�evolución�de�la�calidad�del�
agua� tanto� en� la� dimensión� espacial� como� en� la� temporal,� (2)� la� cuantificación� del� riesgo� físico-químico� y�
microbiológico del agua de la red de distribución, ayudando a evitar la formación de sustancias perjudiciales para la 
salud�y�por�tanto�para�la�calidad�del�agua,�y�(3)�el�desarrollo�de�procesos�de�mantenimiento�y�limpieza�de�conducciones�
de la red de distribución.

METODOLOGÍA

Estudio de las causas del deterioro de la calidad organoléptica del agua

Durante�tres�años�se�estudió�las�causas�del�deterioro�organoléptico�del�agua�suministrada�a�la�ciudad�de�Valencia�
desde� la�salida�de� las�Estaciones�de�Tratamiento�de�Agua�Potable� (ETAP)�hasta�el�grifo�del�consumidor,�cuyos�
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resultados alimentaron una serie de mapas de sabor de Valencia, caracterizando los sabores presentes e 
identificando�los�orígenes.

Para�ello,�se�elaboraron�mapas�de�muestreos�en�función�de�los�materiales�y�las�características�hidráulicas�de�las�
conducciones,�se�tomaron�muestras�en�cada�punto�de�muestreo�seleccionado,�se�analizó�su�calidad�fisicoquímica�
y�microbiológica,�tanto�con�métodos�convencionales�como�mediante�técnicas�metagenómicas,�se�identificaron�las�
sustancias�sápidas�y�se�realizaron�catas�de�cada�muestra�de�agua.

Desarrollo de una herramienta de control y predicción de la calidad del agua

Se�evaluó�la�capacidad�de�eliminación�de�biofilm�de�las�conducciones�de�agua�potable�de�la�red�de�distribución�
mediante�técnicas�físicas�de� limpieza�y�desinfección�que�consistían�en�(1)�el�uso�de�aire�y�agua�a�presión�para�
eliminar�incrustaciones�y�sustancias�adheridas�a�las�tuberías,�y�(2)�aumentos�controlados�y�dirigidos�del�caudal�de�
las�tuberías.

Por�otro�lado,�se�diseñó�y�construyó�una�planta�piloto�que�permitió�instalar�tramos�de�tuberías�extraídas�de�la�red�de�
distribución de diferentes edades y materiales -fundición dúctil, fundición gris y polietileno- para evaluar la capacidad 
de�limpieza�y�desinfección�de�diferentes�tratamientos�químicos.�Los�tratamientos�elegidos�fueron�(1)�ácido�cítrico�
+�peróxido�de�hidrógeno,�(2)�tripolifosfato�de�sodio�+�peróxido�de�hidrógeno,�y�(3)�hidróxido�de�sodio�+�peróxido�de�
hidrógeno.�Antes�y�después�de�cada�ensayo�se�tomaron�muestras�para�su�análisis�fisicoquímico�y�microbiológico,�
tanto�con�métodos�convencionales�como�mediante�técnicas�metagenómicas.

Por último, se instalaron una serie de estaciones de vigilancia del agua en sectores piloto de la ciudad de Valencia 
para controlar y evaluar la evolución de la calidad del agua. Para la elección de los puntos se tuvo en cuenta el 
tamaño,�material�y�edad�de�las�tuberías�y�la�procedencia�del�agua.

Los�resultados�obtenidos�se�trataron�mediante�técnicas�de�machine learning que permitieron relacionar diferentes 
variables para predecir la calidad del agua en diferentes puntos.

Definición de un indicador general para medir la evolución del sabor del agua

Se�definieron�modelos�de�riesgo�fisicoquímico�y�microbiológico�de�agua�de� la�red�de�distribución�para�ayudar�a�
evitar�la�formación�de�sustancias�perjudiciales:�trihalometanos�y�biofilm.�Para�ello,�se�recopilaron�los�datos�históricos�
de�la�red�de�distribución�y�se�desarrollaron�modelos�hidráulicos�y�de�calidad�en�los�sectores�seleccionados.�Los�
resultados� se� sometieron� a� análisis�multivariante� y� análisis� de� componentes� principales� para� (1)� descubrir� las�
diferencias�o�similitudes�entre�las�valoraciones�sensoriales�del�panel�de�catadores�y�los�parámetros�y�estimar�que�
variables�originales�tienen�más�peso,�y�(2)�descubrir�diferencias�o�similitudes�entre�las�características�de�la�red,�los�
parámetros�fisicoquímicos�y�los�indicadores�sensoriales�para�conocer�la�relación�entre�el�material�de�la�conducción,�
la�edad�de�esta�y�el�tiempo�de�retención�hidráulico�con�las�sensaciones�percibidas

RESULTADOS Y CONCLUSIONES

• Se�ha�comprobado�que�las�técnicas�físicas�de�limpieza�de�tuberías�son�eficaces,�pero�no�se�conoce�su�
durabilidad�sobre�la�calidad�organoléptica�y�microbiológica�del�agua�en�la�red�de�distribución.

• Se�han�elaborado�de�protocolos�de�limpieza�química�y�desinfección�de�las�tuberías�en�función�del�material,�
pero�no�se�conoce�su�efecto�ni�durabilidad�sobre�la�calidad�organoléptica�y�microbiológica�del�agua�en�la�
red de distribución.

• Se�ha�establecido�las�bases�para�la�mejora�de�un�índice�de�calidad�del�agua.

• Se�ha�confirmado�mediante�los�modelos�de�riesgo�de�trihalometanos�y�biofilm�que�el�riesgo�es�muy�bajo�o�
nulo,�aunque�todavía�hay�margen�de�mejora�en�la�capacidad�de�respuesta�del�sistema.
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INTRODUCTION

Currently,�urban�wastewater�treatment�plants�(WWTPs)�are�net�energy-consumption�systems�that�represent�about�
1%�of�developed�countries�electricity�consumption�(Heidrich�et al.,�2011).�In�the�quest�to�achieve�self-sufficiency�and�
sustanability�in�the�operation,�high-rate�activated�sludge�(HRAS)�has�been�proposed�to�maximize�biogas�production�
(Jimenez�et al.,�2015;�Rahman,�2017)�and�aerobic�granular�sludge�(AGS)�has�been�presented�as�a�promising�robust�
and�efficient�technology�(Coma,�2011;�Pronk�et al.,�2015).�Combining�a�HRAS�(to�increase�biogas�production),�AGS�
to�remove�residual�COD�and�nutrients�with�a�final�mainstream�anaerobic�deammonification�could�reduce�the�energy�
consumption�close� to� zero.�Here�we�present� the� results�of� a�one� year�AGS�pilot�plant� start-up� treating�a�HRAS�
effluent.�Development�of�aerobic�granules�from�floccular�sludge�has�been�studied�at�different�operational�conditions�
(settling�times�—tset—,� liquid�ascensional�velocity� -vasc-�and�total�suspended�solids� in�the�reactor�—TSSr—)�and�
compared to biomass population dynamics.

MATERIALS AND METHODS

A�sequencing�batch�reactor�(SBR)�was�operated�at�constant�volume�for�one�year�with�full�plant�efluent�from�a�HRAS.�
Cycle�phases�comprised�i)�simultaneous�fill/draw�(F/D),�ii)�anaerobic�and�aerobic�phases�and�iii)�settling�(Figure�1).�
The� volumetric� Exchange� Ratio� (VER)�was� 50%,� dissolved� oxygen� (DO)� in� aerobic� phases�was�mantained� over�
2.0 mg/L�and�total�cycle�length�ranged�from�2.7�to�3.0�h�to�achieve�OLR�between�1�and�2�KgCOD/m3 · day. The SBR 
was�inoculated�with�flocular�sludge�from�a�conventional�activated�sludge�system�(CAS).�HRAS�effluent�from�full�
plant� (COD:� 416� ±� 82�mg/L,� N-NH4:� 40±6�mg/L� and�P-PO4:� 5� ±� 1�mg/L)�was� used� as� influent� in� this� study.� No�
temperature�control�was�applied,�with�hour/day/year�variations,� temperature�operation�ranged�from�13�to�26�ºC.�
Population�dynamics�was�performed�by�16S�rRNA�gene�amplicon�sequencing�according�to�(Wei�et al.,�2021).
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Figure 1. SBR cycle phases diagram.

RESULTS AND DISCUSSION

In�Period�I,�a�60�minutes�F/D�phase�provided�a�vasc�of�2.3�m/h.�The�settling�phase�was�periodically�reduced�from�30�
to 10 min increasing aerobic phase to maintain cycle length. Biomass purge occurred during the F/D phase, where 
less�dense�biomass�was�discharged�with�the�effluent.�The�solids�content�in�the�reactor�was�stable�at�3�g/L�during�all�
the�period�while�sludge�volume�index�(SVI)�decreased�from�150�to�100�mL/g.�By�the�end�of�Period�I,�first�granules�
were�observed�with�mean�biomass�diameter�higher�than�200�µm�(Figure�3).�Nevertheless,�by�the�end�of�Period�I,�
good biomass sedimentability conclucled with no biomass washout during the whole F/D phase. In this context, to 
increase�washout�of�bad�settling�biomass,�Period�II�(Table�1)�started�with�a�reduction�from�60�to�30�min�of�the�F/D�
phase to increase vasc from 2.3 to 4.5 m/h. Since the selective use of organic carbon by PAOs is a key point during 
AGS�formation�(Derlon�et al.,�2016),�5� to�30�minutes�anaerobic�phase�was�added�maintaining�60�minutes�for�F/
D+Anaerobic phases. During anaerobic phase, a recirculation pump provided a 2.4 to 4.5 m/h vasc to keep reactor 
homogenization.�The�TSSr�and�SVI�did�not�vary�significantly�during�Period�2�(Figure�2)�and�orthophosphate�removal�
up�to�98%�advised�PAO�activity�(Figure�4).�A�mean�biomass�diameter�reduction�to�values�lower�than�200�µm�was�
obtained�because�of�anaerobic�phase�recycling�(Figure�3).�After�several�weeks,�no�significant�biomass�change�was�
observed,�while�SBR�presented�stable�TTSr.�Because�of�the�pilot�plant�overflow�design,�a�dead�volume�with�biomass�
induced�to�uncontrolled�purge,�avoiding�the�increase�of�SBR�biomass.�Period�III�started�with�a�process�modification�
to avoid such undesired purge. From this point, in a few weeks TTSr accumulated up to 8 g/L, SVI decreased to less 
than�50�mL/g�(Figure�2)�and�74%�of�biomass�granules�were�bigger�than�2�mm�(Figure�3).�Temperature�drop�due�to�
winter�conditions�increased�SVI�values�from�29�to�67�mL/g�(Figure�2)�with�a�progressive�washout�of�biomass�during�
F/D phases.

Table 1. Relevant SBR phases length and operational parameters at the different periods.

Period Day
(d)

SBR phase length Operational parameters
Temp.

(ºC)
OLR*

(kgCOD/m3 · day)F/D
(min)

Ana.
(min)

tset
(min)

F/D vasc
(m/h)

Ana. vasc

(m/h)
TSSr
(g/L)

I 0�-�36 60 0 30 - 10 2.3 0 3.4�±�0.5 18�±�1 1.9�±�0.0

II 37�-�177 55 - 30 5 - 30 10 2.3 - 4.5 2.3 - 4.5 2.6�±�0.5 24�±�2 1.6�±�0.4

III 178�-�269 30 30 10 4.5 4.5 5.0�±�1.5 18�±�3 1.8�±�0.3

IV 270�-�302 30 30 10 4.5 15.3 2.6�±�0.3 14�±�1 1.8�±�0.4

V 303�-�370 30 30 10 4.5 9.9 1.2�±�0.7 15�±�1 1.5�±�0.8

* Organic�Loading�Rate.
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Figure 2. TSS and SVI in the reactor.

Figure 3. Particle size, TSS distribution in the reactor and relative 16S PAO abundance.

Figure 4. Influent P, effluent P and P removal in the reactor.

Figure 5. Biomass images at the stereoscopic microscope. Left: day 200. Right: day 276.
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Period�IV�was�focused�on�biomass�densification�by�increasing�recycling�flow�during�anaerobic�phase�(high�shear-
force�due�to�pass�thought�the�pump)�with�a�15.3�m/h�vasc.�After�a�few�days,�diameter�of�granules�reduced�significantly�
to�131�µm�(Figures�3�and�5).�Nevertheless,�densification�was�not�enough�to�prevent�biomass�washout�and�TSSr�
reduced�to�2�g/L.�The�presence�of�flocs�disturbed�the�whole�biomass�sedimentability�and�granulation�strategy�was�
modified�to�avoid�floccular�biomass�growth.�Therefore,�during�period�V�a�lateral�purge�(located�at�44%�to�11%�reactor�
high)�from�the�top�of�sludge�bed�after�the�settling�phase�was�applied.�The�target�was�to�prevent�flocs�formation�
enhancing� granular� sludge� growth.� After� several�weeks,�TSSr� stabilized� around� 0.5� g/L� (Figure� 2)� and� granules�
started�to�form�again.�A�mean�diameter�up�to�500�µm�was�achieved�at�the�end�of�the�period�(Figure�3).

During�all�the�operational�periods,�biomass�samples�were�gathered�for�16S�rRNA�gene�amplicon�sequencing�and�
relative abundance of PAOs is presented in Figure 3. It can be seen that the period in which the biomass was more 
enriched in PAOs was Period III, when granules bigger than 2 mm appeared. This is in synthon with other studies that 
suggest�that�PAO�presence�improves�granule�formation�and�stability�(De�Kreuk�et al.,�2005;�Derlon�et al.,�2016).

CONCLUSIONS

• Settling�time�(tset)�was�observed�as�key�point�when�the�F/D�phase�is�the�unique�strategy�for�low�settling�
biomass washout for granular biomass selection.

• Good�settling�properties�of�biomass�required�high�vasc�to�guarantee�biomass�washout�without�ensuring�a�
full�flocular�washout.�In�spite�of�a�high�4.5�m/h�vasc,�both�flocs�and�granules�where�maintained�in�the�reac-
tor.

• Including anaerobic phase enhanced PAOs development and thus granular biomass enrichment.

• Anaerobic phase increased the PAOs relative abundance from 2 to 12%, enhancing granule formation.

• Biomass recycling to maintain homogenous reactor during anaerobic phase concluded with a disintegra-
tion and washout of granules because of the high shear force applied.

• Achieving�a�TSSr�as�low�as�0.5�g/L�can�reduce�flocs�presence�and�enhance�granular�selection.

FIGURES AND TABLES
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RESUMEN

La�mayoría�de� las�estaciones�depuradoras�de�aguas� residuales� (EDAR)�actuales�están�basadas�en�sistemas�de�
fangos activos que producen una gran cantidad de lodos como residuos secundarios. El proyecto BIOEDARIA ha 
propuesto�y�validado�a�escala�piloto�un�nuevo�enfoque�de�biorrefinería�para�la�producción�simultánea�de�biogás,�
bioplásticos�y�biofertilizantes�a�partir�de� lodos�de�depuradora.�Para�este�fin�se�ha�propuesto� la�combinación�de�
diferentes�procesos�biotecnológicos�como�son�la�digestión�anaerobia�en�doble�fase�(DA2F)�y�la�bioacumulación�de�
diferentes�biopolímeros�como�los�polihidroxialcanoatos�(PHA)�o�las�polifosfatos�(Poli-P).�El�proceso�ha�demostrado�
capacidades�de�producción�de�PHA�de�hasta�0,78�g/l�y�hasta�14%�de�Poli-P/SSV.

INTRODUCCIÓN

El� objetivo� principal� del� proyecto� BIOEDARIA� ha� sido� la� investigación� industrial� de� un� conjunto� de� tecnologías�
integradas�para� la�valorización�de� lodos�de�EDAR,�con�el�fin�de� transformar�el� tratamiento�convencional�en�una�
biorrefinería�capaz�de�generar�productos�de�valor�añadido�para�la�sociedad,�tales�como�biogás,�bioplásticos�(PHA)�
(Harding�et al.,�2007)�y�biofertilizantes�como�Poli-P.�El�presente�estudio�se�centra�en�la�obtención�de�estos�polímeros�
a partir de lodos de EDAR.

En el proceso propuesto el lodo es estabilizado en un sistema DA2F desde el que se extrae una corriente rica en 
ácidos�grasos�volátiles�(AGV)�y�fosfatos�a�partir�del�Digestor�anaerobio�Termófilo�(DAT)�acidogénico�(Demirel�et al., 
2002).�Esta�corriente�alimenta�a�un�reactor�secuencial�SBR�que�estimula�el�crecimiento�selectivo�y�simultaneo�de�
microorganismos�acumuladores�de�PHA�y�Poli-P�mediante�dos�posibles�estrategias:�ciclos�de�saciedad-hambruna�
(S-H)�bajo�condiciones�aerobias�(Albuquerque�et al.,�2010),�y�ciclos�anaerobio-aerobio�para�favorecer�la�presencia�
de�organismos�acumuladores�de�Poli-P�(PAO)�(Tobin�et al.,�2007).�La�biomasa�enriquecida�se�transfiere�a�un�SBR�
para� la�acumulación�de�PHA�bajo�alimentación�controlada�y� limitación�de�nutrientes�para�finalmente�extraer� los�
polímeros�de�interés.
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MATERIALES Y MÉTODOS

Los�experimentos�se�han�llevado�a�cabo�en�la�planta�piloto�ubicada�en�la�EDAR�de�Alcoi�(España),�compuesta�por�un�
digestor anaerobio en doble fase, un reactor de enriquecimiento SBR y un reactor de acumulación SBR, tal y como 
se observa en la Figura 1.

Figura 1. Planta piloto instalada en la EDAR de Alcoy. A) Sistema de digestión anaerobia en doble fase. B) Reactor SBR de 
enriquecimiento(derecha) y reactor SBR de acumulación (izquierda).

El�digestor�acidogénico�ha�sido�alimentado�con� lodos�mixtos�espesados�reales�de� la�EDAR�junto�con�diferentes�
porcentajes de residuos alimentarios de alta carga como cosustratos, y operado con un tiempo de retención 
hidráulico�(TRH)�de�2�días,�y�una�temperatura�de�55ºC,�durante�más�de�1�año�en�condiciones�estables.�Los�reactores�
de�enriquecimiento�y�acumulación�tienen�una�capacidad�de�80�y�16�litros,�respectivamente�y�han�sido�operados�bajo�
aireación�variable�y�diferentes�condiciones�de�TRH,�tiempo�de�retención�celular�(TRC)�y�velocidad�de�carga�orgánica�
(VCO),�llevando�a�cabo�los�experimentos�que�pueden�observarse�en�la�Tabla�1�y�Tabla�2.

Tabla 1. Condiciones de operación de la estrategia saciedad-hambruna para la producción  
simultánea de PHA y Poli-P.

E1 E2 E3

Duración ciclo (h) 24 18 12

TRH (días) 5 3,75 2

TRC (días) 5 10 3,2

VCO (mgDQOs/L · día) 400 700 2000

Ratio S/H 0,11 0,09 0,17

Tabla 2. Condiciones de operación de la estrategia anaerobio-aerobio para la producción  
simultánea de PHA y Poli-P.

E4 E5 E6 E7

Anaerobio (h) 2 2 2 2

Aerobio (h) 3 3 3 3

Decantación (h) 1 1 1 1

TRH (días) 2 2 2 2

TRC (días) 3,3 3,3 3,3 3,3

VCO (gDQO/L·día) 5-6 1-2 4 1,5-2,7
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RESULTADOS

El�proceso�de�DA�en�doble�fase�ha�producido�una�corriente�rica�en�AGV�entre�4000�y�8000�mg/L�de�AGV�(como�DQO).�
El�análisis�de� la�composición�de�AGV�de� la�corriente�acidogénica�mostró�una�presencia�predominante�de�ácido�
acético�y�propiónico�sobre�los�demás�AGV�(Figura�2)�con�una�concentración�total�entre�3�y�4�g/l.�La�predominancia�
del�ácido�acético�propicia�una�mayor�concentración�de�Polihidroxibutirato�(PHB)�en�el�polímero�final.�La�concentración�
de�fosfatos�obtenida�alcanzó�valores�máximos�de�en�torno�a�200�mgPO4-P/L.

Figura 2. Caracterízación de la corriente de AGV obtenida a la salida del digestor acidogénico.

En la Figura 3 y Figura 4 se puede observar como la estrategia S-H permite la acumulación de hasta un 19% de PHA 
pero�produce�una�cantidad�insignificante�de�Poly-P.�En�cambio,�en�la�estrategia�anaerobio-aerobio�se�consigue�hasta�
un�17%�de�acumulación�de�PHA�y�un�14%�de�acumulación�de�Poly-P.�La�extracción�de�ambos�compuestos�a�escala�
real es posible con altos rendimientos y con un bajo impacto medioambiental. Para la extracción de PHA se ha 
propuesto� un� método� de� extracción� basado� en� el� uso� de� ácido� láurico� o� laurato� como� disolvente� orgánico�
biodegradable,� mientras� que� para� la� extracción� de� Poli-P� se� ha� propuesto� un� método� basado� en� técnicas� de�
sonicación�que�permite�la�recuperación�del�Poli-P�con�una�eficiencia�de�hasta�el�99%.

  

Figura 3. Resultados obtenidos para la acumulación simultánea de PHA y Poli-P bajo condiciones de saciedad-hambruna.
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Figura 4. Resultados obtenidos para la acumulación simultánea de PHA y Poli-P bajo condiciones anaerobio-aerobio.

CONSLUSIONES

Se�ha�operado�y�validado�el�concepto�de�Biorrefineria�de�BIOEDARIA�a�escala�piloto�obteniendo�resultados�fiables�
sobre su estabilidad y rendimiento y optimizando las condiciones de operación de cada etapa. Se ha comprobado 
como�la�adición�de�cosustratos�en�el�digestor�anaerobio�termófilo�(DAT)�permite�incrementar�la�actividad�acidogénica�
del�reactor,�estabilizar�el�reactor�en�condiciones�de�pH�óptimas�y�maximizar�la�producción�de�AGV�y�fosfatos�solubles�
para su posterior valorización como PHA y Poli-P, respectivamente. El diseño a escala industrial presenta una 
rentabilidad positiva, tanto a nivel económico como medioambiental.
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INTRODUCTION

In�wastewater�treatment�plants�(WWTP),�anaerobic�digestion�of�residual�sludge�leads�to�the�production�of�a�digestate�
rich in fertilizers. These digestates may undergo post-treatments in order to facilitate their transport, storage and 
spreading, especially a mechanical phase separation producing a solid and a liquid phase, for whom a targeted 
valorization may be studied. In order to isolate nitrogen and/or phosphorus, liquid digestates may undergo various 
treatments such as stripping or precipitation. These post-treatments require an optimization of liquid/solid phase 
separation to ensure the liquid phase is cleared from solids. This process is often accompanied by a coagulant/
flocculant�addition,�yet�usual�products�are�insufficient�and�harmful�to�the�environment�(eco-toxic�degradation�by-
products).� Thus,� developping� coagulants/flocculants� specifically� adapted� to� physico-chemical� properties� and�
characteristics�of�digestates�is�required�to�the�optimization�of�digestate�phase�separation�(Meixner�et al.,�2015;�Al�
Seadi et al.,�2013;�Evans,�2008).�Biopolymers,�such�as�chitosan,�may�be�promising�due�to�the�use�of�natural�products�
cheap�and�environmentally-friendly.�Their� functionalization� increases� the�specificity�of� interactions�with� targeted�
solids.�Applications�of�chitosan�are�limited�to�acidic�conditions�due�to�its�poor�solubility�in�water;�quaternization,�or�
adding�a�quaternary�ammonium�function,�is�one�the�various�methods�enabling�to�improve�its�solubility�(David�et al., 
2016),�and�ensure�meanwhile�biodegradability�(Shigemasa�et al.,�1994),�biocompatibility�(VandeVord�et al.,�2002)�
and� low� toxicity� (Rinaudo�et al.,� 2006).�The� objective� of� this� study� is� to� evaluate� the� efficiency� of� a� quaternary�
ammonium�chitosan�on�sewage�sludge�digestates�settleability�and�filterability.

MATERIALS AND METHODS

Quaternary� ammonium� chitosan� (QCH)� is� synthesized� from� a� fixed� molar� mass� (about� 150� kg/mol)� chitosan�
modified�by�glycidyltrimethylammonium�chloride�(GTMAC)�in�order�to�generate�positive�charges�on�the�whole�pH�
range�and�to�obtain�a�better�solubility.�The�synthesis�protocol�(Loubaki�et al.,�1991),�simple�and�inexpensive,�led�to�
the�production�of�QCHs�with�different�quaternization�degrees�(QD).�The�efficiency�of�QCH�addition�(low,�medium�and�
high�QD)�was�assessed�on�a�digestate�collected�at�the�output�of�an�anaerobic�digester�from�Montpellier’s�WWTP�
(470,000� PE).� Low� and�medium� dosages� were� tested,� and� efficiency� was� compared� to� a� commercial� cationic�
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polyacrylamide�(CP)�dosed�as�advised�by�the�supplier.�Before�and�after�addition�of�coagulants/flocculants�(at�fixed�
temperature,�time�and�stirring�conditions)�were�analyzed:�granulometric�distribution�(not�shown�here),�rheological�
behavior,�settleability�(estimated�through�Vsupernatant/Vtotal�ratio�after�2�h�settling)�and�filterability�(estimated�through�
specific�resistance�to�filtration�(SRF)�under�1�bar).�Aggregates�of�filtration�cakes�were�observed�by�microtomography�
and microscopy.

RESULTS AND DISCUSSION

After settling experiments, Vsupernatant/Vtotal�ratios�(Figure�1)�indicated�that�addition�of�polymers�strongly�improved�the�
settleability�of�raw�digestate.�Regarding�filterability,�the�addition�of�CP�and�QCH�lowered�SRF�until�10�times.�In�all�
conditions,�performances�are�increased�if�both�QD�and�dosage�are�higher�(Figure�2).

Figure 1. Performances of flocculants on digestate settleability.

Figure 2. Performances of flocculants on digestate filterability.

Rheological�behavior� study� (Figure�3)�showed� that� raw�digestate,�with�or�without�flocculant,� had�a� rheofluidifier�
behavior. CP addition led to higher viscosities compared to those measured on raw digestate, whereas QCH addition 
led�to�a�viscosity�reduction,�especially�at�medium�dosage,�independently�from�QD.�Granulometric�analyses�showed�
that�addition�of�QCH,�for�all�QD�and�dosage,�resulted�in�an�uniformization�of�particle�size�(around�40-70�µm),�while�
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CP�addition�led�to�a�particle�agglomeration�around�100-800�µm.�Microtomography�pictures�(Figure�4)�showed�dried�
cakes,�obtained�after�filtration,�that�corroborate�granulometric�distributions.

Figure 3. Rheological behavior.

Figure 4. Microtomography pictures.

CONCLUSIONS AND PERSPECTIVES

The results of this work have shown that QCH addition uniforms the size of suspended solids in raw digestate, and 
improves� its� settleability� and�filtration� kinetics.�Higher� efficiency� is�obtained�by� increasing�QD�and�dosage.�The�
commercial�flocculant�does�not�reach�the�best�settleability�and�kinetics�filtration�of�digestate�and�makes�viscosity�
higher, which may be a drawback to handle it after treatment. Complementary analyses such as following the 
destabilization of particles by Turbiscan should go deeper in the understanding of action mechanisms during 
the reaction.�A� life�cycle�assessment�will�finally�set�an�environmental� review�and�will�help�to�determine�the�best�
amount and functionalization of chitosan.
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El� agua� se� ha� descrito� tradicionalmente� como� incolora,� inodora� e� insípida,� aunque� el� agua� para� el� consumo�
normalmente�contiene�minerales�y�sustancias�orgánicas�en�disolución�que�le�pueden�aportar�sabores�y�olores�más�
o�menos�detectables�según� la�concentración�de� los�compuestos�y� la� temperatura�del�agua.�Éstos�pueden�tener�
tanto�causas�microbiológicas�como�químicas�(Water�Research�Foundation,�2014).

La�geosmina�y�el�2-metil-isoborneol�(2-MIB)�son�los�compuestos�que�generan�olor�y�sabor�que�más�comúnmente�se�
pueden�encontrar�en�el�agua�bruta.�La�geosmina�es�uno�de�los�compuestos�orgánicos�que�se�producen�de�forma�
natural�en�el�agua�y�proporciona�al�agua�un�olor�y�sabor�terroso.�Ésta�es�un�metabolito�secundario�de�dos�grupos�de�
microorganismos�acuáticos:�las�cianobacterias�(algas�verdeazuladas)�y�actinomicetos�(bacterias�filamentosas).�El�
2-MIB, al igual que la geosmina, es producido como metabolito por algunos tipos de actinomicetos y algas 
verdeazuladas�o�cianobacterias.�A�pesar�de�ocasionar�problemas�de�olor�y�sabor�en�el�agua,�éstos�no�representan�
un�peligro�para�la�salud�humana,�pero�sí�causan�una�alerta�en�los�consumidores,�que�dejan�de�utilizar�esta�agua,�
favoreciendo el consumo de agua embotellada.

El desconocimiento en cuanto a la fuente de origen de estos compuestos y los factores que propician la aparición 
de�olores�y�sabores�dificulta�establecer�protocolos�de�actuación�que�reduzcan�los�costes�de�operación�durante�el�
proceso�de�potabilización.�Además,�estos�compuestos�son�difíciles�de�eliminar�mediante�los�tratamientos�de�agua�
convencionales,�siendo�su�extremadamente�bajo�umbral�de�percepción�uno�de�sus�aspectos�más�desafiantes.

La�identificación�de�los�productores�de�compuestos�sápidos�y�las�condiciones�en�las�que�se�producen�es�actualmente�
uno de los retos a los que se enfrentan los gestores de los sistemas de abastecimiento, debido a su bajo umbral y 
las limitaciones en la eliminación de 2-MIB y geosmina. Al mismo tiempo, que requieren altos costes de implantación 
y�de�operación.�Cabe� remarcar� que� esta� situación� se� verá� agravada�en� los�próximos�años�a� causa�del� cambio�
climático.�En�el�cual�se�prevé�que�debido�a�la�estrecha�relación�entre�los�sistemas�hidrológicos�y�los�climáticos,�se�
produzca�una�alteración�de� la� comunidad�fitoplanctónica� y� las� condiciones�ambientales�de� las�masas�de�agua�
superficiales,� traducida�en�un� incremento�de� los�compuestos�sápidos,�debido�al�aumento�de�nutrientes,�materia�
orgánica,�temperatura�del�agua�y�el�incremento�de�las�poblaciones�de�microalgas�(Delpla,�2009).
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Ante�toda�esta�casuística,�se�subraya�aún�más�la�necesidad�de�adaptar�los�sistemas�de�tratamiento�a�las�condiciones�
futuras� para� afrontar� las� modificaciones� del� clima� y� planificar� su� adaptación.� Por� lo� tanto� es� imprescindible�
incorporar�el�origen�de�los�compuestos�sápidos�en�los�modelos�de�predicción�a�corto�y�medio�plazo,�de�forma�que�
las�plantas�de�tratamiento�puedan�anticiparse,�reduciendo�así�los�costes�de�potabilización�(Llario�2020a,�2020b)�y�
garantizando�que�los�compuestos�sápidos�del�agua�potable�estén�por�debajo�del�límite�de�detección�humano.�Ya�
que�actualmente�la�eliminación�de�los�compuestos�sápidos�constituye�el�tratamiento�más�caro�de�todo�el�proceso�
de�potabilización,�el�incremento�de�los�compuestos�sápidos�supone�que�los�actuales�procesos�de�potabilización�
deban�contar�con�sistemas�capaces�de�eliminar�estos�compuestos�tales�como�filtros�de�carbón�activo�o�sistemas�
de oxidación avanzada.

El�objetivo�principal�de�este�proyecto�es�mejorar�la�capacidad�de�previsión�de�episodios�de�compuestos�sápidos�en�
el�agua�prepotable�que�permitan�su�adecuada�gestión,�así�como�estudiar�la�posible�influencia�del�cambio�climático�
en la producción de estos compuestos y la adaptación de los procesos de la gestión del agua bruta y su potabilización 
al�cambio�climático.

Para llevar a cabo este cometido, en SÀPIDES se�está�desarrollando,�por�un�lado,�un�sistema�de�alerta�temprana�
apoyada�en�un�sistema�de�monitorización�y�de�predicción�de�los�compuestos�sápidos�y�sus�productores.�Para�ello,�
se�han�desarrollado�nuevos�protocolos�para�la�detección�e�identificación�de�los�productores�de�geosmina�y�el�2-MIB�
mediante�técnicas�moleculares�y�se�están�identificando�mediante�análisis�y�monitorización�en�continuo�las�variables�
claves�en�la�formación�de�estos�compuestos�sápidos�en�el�sistema�de�abastecimiento�de�agua�prepotable�de�las�
comarcas�de�la�Ribera�Alta�y�Baixa,�así�como�a�la�ciudad�de�València�y�su�área�metropolitana.�Por�otro�lado,�se�está�
desarrollando�también�una�herramienta�para�simulación�y�validación�de�las�estrategias�de�adaptación�al�cambio�
climático�de�los�sistemas�urbanos�de�abastecimiento,�que�permita�identificar�y�cuantificar�los�impactos�del�cambio�
climático�en�la�calidad�del�agua�prepotable�y�definir�estrategias�de�adaptación�al�cambio�climático�del�sistema�de�
abastecimiento.

Figura 1. Puntos de muestreo para la caracterización de la comunidad microbiana y de los compuestos sápidos  
en el embalse de Tous.
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Figura 2. Puntos de muestreo para la caracterización de la comunidad microbiana y de los compuestos sápidos en el canal 
Júcar-Túria.
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La� corrosión� inducida�microbiológicamente� (MIC,� por� sus� siglas� en� inglés�Microbiologically� induced� corrosion)�
origina�enormes�pérdidas�económicas�y�elevados�daños�en� las� infraestructuras�de�agua�potable.�La�MIC�puede�
provocar diferentes tipos de efectos como la corrosión por picadura, la corrosión por grietas o la corrosión por 
tensión�(Figura�1),�produciendo�un�impacto�perjudicial�en�las�tuberías�y�elementos�metálicos�que�forman�la�red�de�
distribución�de�agua�potable�(1).

Figura 1. Efectos producidos por microorganismos que inducen corrosión.

La MIC provoca el deterioro de la red de suministro debido a la actividad metabólica de los microorganismos que 
crecen� formando� biofilm� en� la� superficie� interna� de� las� tuberías� que� está� en� contacto� con� el� agua.� El� biofilm�
formado�produce�un�cambio�de�condiciones�físicas�y�químicas�en�la�superficie�metálica�en�la�que�crece,�llevando�
consigo�un�deterioro�de�la�estructura�(2).�Este�problema�se�debe�comúnmente�a�la�presencia�de�bacterias�reductoras�
de�sulfato� (SRB),�microorganismos�anaerobios�estrictos�con�gran�capacidad�para�adherirse�a� las�superficies�y�
crecer�de�forma�rápida�protegidos�en�el�biofilm.�Las�SRB�poseen�un�metabolismo�muy�versátil.�Principalmente�
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usan sulfato u otros compuestos oxidados de azufre, producen H2S y reducen el hierro debilitando las infraestructuras 
de suministro de agua.

En�el�presente�trabajo�se�están�desarrollando�nuevos�sistemas�de�filtración�con�capacidad�antimicrobiana�basados�
en�la�inmovilización�covalente�de�agentes�naturales�sobre�soportes�sólidos�orgánicos�e�inorgánicos.�La�eficiencia�
de este novedoso sistema antimicrobiano se ha validado a escala laboratorio frente a Desulfovibrio vulgaris, especie 
bacteriana�más�representativa�de�las�SRB,�y�Pseudomonas aeruginosa, bacteria aerobia comúnmente presente en 
co-cultivo�con�las�SRB�formando�el�biofilm.

Los�resultados�preliminares�obtenidos�exponen�una�elevada�eficiencia�en�la�reducción�de�crecimiento�microbiano�
en�las�partículas�inmovilizadas�con�agentes�naturales,�por�tanto,�se�prevé�una�próspera�aplicación�de�estos�sistemas�
de�filtración�en�las�instalaciones�de�suministro�de�agua�potable�con�la�finalidad�de�minimizar�el�riesgo�producido�por�
las SRB.
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INTRODUCTION

Phosphorus (P) recovery by means of struvite precipitation in wastewater treatment plants (WWTP) could satisfy 
between 15-20% of the world phosphorus demand (Peng et al., 2018). Struvite (MgNH4PO4 · 6H2O) is a valuable slow-
release fertiliser with a reported market price ranging from 0 to 1000 €/t. Struvite precipitation in WWTP requires the 
addition of a Mg2+ source, normally MgCl2, and the consumption of an alkali (typically NaOH) or energy for CO2 
stripping to adjust the reactor pH at 8.0-8.5. However, the use of pure reagents limits the economic and environmental 
prospects of struvite precipitation in WWTP (Sena et al., 2021).

In this manuscript, the experimental results of the MAGNYFOS project (RTC2019-007257-5) are presented. The 
project aims to utilise industrial by-products of magnesium oxides (MgO) for the precipitation of struvite 
(NH4MgPO4·6H2O). MgO by-products have an MgO content of 42-56% and a cost per unit of magnesium 10 times 
lower than MgCl2 (~300 compared to ~3.000 €/tMg). These MgO by-products are basic substances that also 
increase the pH thanks to the release of hydroxides (OH-). The use of these by-products would make the recovery 
process more economically competitive and environmentally sustainable, which fits the circular economy framework.

MATERIALS AND METHODS

Supernatant and MgO by-products

Struvite precipitation was performed in the mesophilic anaerobic digestion supernatant collected from a WWTP in 
Navarra (Spain).

The MgO by-products were provided by Magnesitas Navarras, S. A. (Navarra, Spain). These are obtained from the 
natural magnesite calcination process and are called Cyclone Particles 8 (PC8). Three PC8 samples (PC8_A, PC8_B 
and PC8_C) were characterized by X-ray fluorescence (XRF), X-ray diffraction (XRD), thermogravimetric analysis 
(TGA), particle size distribution (PSD), specific surface by BET techniques and reactivity (citric acid reactivity test).
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Experiment set-up

To study of the solubility of PC8s in deionized water. Five PC8 amounts for each by-product were added ((a) 0.14, 
0.28, 0.56, 0.83 and 1,11 gPC8_A, (b) 0.15, 0.29, 0.58, 0.87 and 1.16 gPC8_B and (c) 0.13, 0.26, 0.78 and 1.04 
gPC8_C) with the same proportion of Mg in 0.5 L of deionized water.

To study the capability of PC8 to facilitate the struvite precipitation. Assays were performed on 0.5 L of supernatant, 
where different stoichiometric ratios between P:Mg (1:1, 1:2, 1:4, 1:6, 1:8) were tested.

To study of the composition of the precipitated solid the most favourable ratio of the previous test was selected. 
This ratio was added to 7 L of supernatant. The solids were collected and analysed using XRD and scanning electron 
microscopy (SEM) with X-ray energy dispersive spectroscopy (EDS) techniques.

RESULTS AND DISCUSSION

Characterization of MgO by-products

The three PC8 samples showed a similar composition, with MgO (42-56%), MgCO3 (12-26%), CaCO3 (10-12%) and 
CaMg(CO3)2 (5-9%) as the majority phase. The most reactive by-product and with the highest proportion of MgO was 
PC8_C, followed by PC8_A and PC8_B.

Behaviour of PC8s and struvite precipitation

PC8s showed low solubility in deionized water, regardless of the amount added. The Mg concentration released for 
the three PC8s was around 37 mg/L and could have arrived concentrations of 105 to 837 mg/L depending on the 
amount added. Particles dissolution was limited by pH, once the pH of the solution was 10,7 the dissolution of the 
PC8 samples stopped.

Increasing the pH of the supernatant showed a deficit of magnesium ions in the medium, since the percentage of 
phosphorus precipitated was 8-12%. Phosphorus could have precipitated as calcium phosphate and struvite. This 
indicates the need for an external source of Mg to precipitate struvite.

The study of six P:Mg ratios showed two distinct trends. For 1:1 and 1:2 ratios, the consumed moles of N and P were 
practically the same and a pH of 9.4 was reached. For the ratios 1:4, 1:6 and 1.8, the consumed moles did not follow 
the struvite stoichiometry. This indicates that the precipitate contains different main phases, e.g. calcium phosphate 
[Ca3(PO4)2], hydroxyapatite [Ca10(PO4)6(OH)2] and struvite (NH4MgPO4 · 6H2O). The reduction of phosphorus in the 
medium ranges from 53% for PC8_B with a 1:1 ratio to 97% for PC8_C with a P:Mg ratio greater than or equal to 1:2 
(Figure 1).

Figure 1. Phosphorus precipitation in the supernatant using different P:Mg ratios of a) PC8_A b) PC8_B and c) PC8_C.
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Finally, the P precipitate from a 1:2 ratio was studied. XRD diffractogram (Figure 2) showed that the highest intensity 
and most abundant peaks correspond to the struvite phase, while Figure 3 showed that the majority morphology is 
the butterfly shape. Shaddel, et al., showed that at pH 8.5 and saturation index between 5-6 structure this morphology 
occurs (Shaddel, 2019).

Figure 2. XRD diffractogram of the precipitated solid.

Figure 3. Morphology of the precipitated solid by SEM.

CONCLUSIONS

The MgO by-products from the calcination of magnesite showed good performance for struvite precipitation. 
Therefore, using PC8 is as a potentially suitable reagent for the precipitation of struvite in WWTP. These by-products 
provide the medium magnesium ions and increase the pH. The limitation of the by-product is its low solubility, 
however when working with wastewater this issue is minimised because its buffer capacity favours solubility. A 
phosphorus precipitation yield of 97% was achieved with a P:Mg ratio of 1:2 ratio.
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INTRODUCTION

Water reuse has the potential of alleviating future water scarcity problems caused by the increasing world population 
and water demand, and the decreasing natural freshwater resources. It is of special interest in regions with water 
scarcity, such as the Mediterranean area. Greywater (GW), from kitchens, laundries, or baths, and with no input from 
toilets, is an excellent candidate to be reused, since its treatment might be easier than other wastewater streams. 
Hydroponic systems (soilless culture) are a promising approach for the reuse of GW since they can be widely applied 
and have shown good results for both water treatment and the growth of edibles (Bliedung et al., 2020). Forward 
osmosis (FO) has risen as a promising technology for water treatment. In this process, a concentrated solution 
(draw solution: DS) is diluted by a less concentrated solution (feed solution: FS) thanks to a semipermeable dense 
membrane (Van Der Bruggen and Luis, 2015). FO presents high pollutant rejection, has low fouling propensity, and it 
does not require hydraulic pressure, as the process is driven by the difference in osmotic pressures between feed 
and draw solutions. In fertilizer drawn forward osmosis (FDFO), osmotic dilution of the fertilizer DS occurs, to then 
be applied for irrigation, as it contains the essential nutrients for plant growth (Chekli et al., 2017; Majeed et al., 
2015). FDFO avoids the need of draw recovery, and it can use low quality water streams as FS, such as GW.

Treating GW with FO and applying it into hydroponic systems can be a suitable alternative to reduce freshwater 
demand and recover nutrients along with a sustainable production of edible goods.

The aim of this study was to assess the feasibility of osmotically diluted fertilizer solution with FO to grow edible 
plants in hydroponic systems.

MATERIALS AND METHODS

FO experiment: osmotic dilution of fertilizer solution

Commercial FO hollow fibre modules (HFFO2, Aquaporin A/S, Denmark), with an area of 2.3 m2 (Nikbakht Fini et al., 
2020) were used in this study. Filtered (0.45 µm) synthetic GW (adapted from Hourlier et al., 2010) was used as FS in 
this experiment, with the addition of 29 organic micropollutants (pharmaceuticals and endocrine disruptors), spiked 
at 20 µg/L. Potassium nitrate (0.2 M) and diammonium hydrogen phosphate (0.025 M) were used together as DS.
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The test was performed in batch mode, with constant FS (60L) and DS (2L) recirculation, in counter current, until 
achieving 50% of FS recovery, meaning 30 L going from FS to DS. The obtained 32 L of DS were stored in a cold 
chamber (5oC) until its application in the hydroponic system (starting the day after the osmotic dilution).

Samples of FS and DS were taken at the beginning and end of the experiment, to analyse ion, TOC and organic 
micropollutant concentrations.

Hydroponic experiment

Lettuces (Lactuca sativa) with 6 to 9 leaves were planted into a controlled hydroponic lab- scale system. The system 
had two modules with four NFT canals each, and with 6 lettuces per canal, and used light expanded clay aggregates 
(LECA) as inert substratum. One of the modules was fed with the diluted DS from the FO experiment. The other 
module acted as biotic control (B_Control) and used a commercial standard nutrient solution for hydroponics (from 
now on commercial solution), with the required nutrients for plant growth. This solution was made of four stock 
solutions with macronutrients (KNO3, Ca(NO3)2, MgSO4, NH4H2PO4) and one stock solution with micronutrients (Fe 
(6%), Cu, MnSO4, H3BO3, (NH4)6Mo7O24 and ZnSO4), diluted in DI water. Water was changed once per week and the 
experiment lasted 4 weeks. Samples of influent and effluent were taken at the beginning and end of each week.

Number of leaves and visual appearance of each lettuce were registered weekly. At the beginning and end of each 
experiment, two representative plants of each condition were rinsed with DI water, separated into roots and leaves, 
and weighted to obtain the wet mass. Then, the samples were oven dried at 70oC during 48h, and weighted again to 
obtain their dry mass and water content. The leaf area was calculated using the leaf area meter app “Leafscan” 
(version 2.1.1; updated August 30, 2020).

RESULTS AND DISCUSSION

Osmotic dilution of fertilizers through FO

Osmotic dilution of fertilizer solution took 44.5 hours, and resulted in high reverse fluxes for monovalent ions while 
minimal for phosphate (Table 1), because of different interactions of these ions with the negatively charged 
membrane (Hancock and Cath, 2009). These reverse fluxes are translated in nutrient losses to the FS solution, up to 
38% (NH4+), while phosphate passage to FS was negligible. As indicated in Table 1, ammonium Js is on the same 
scale to sodium Jf, meaning cation exchange mechanism. That is why we see sodium in the diluted draw solution 
that was to be applied in the hydroponic system. Although nutrient concentration in the DS was satisfactory to be 
directly applied in hydroponic systems (Table 2), these large passages of ions across the membrane should be 
lowered for FO technology to be competitive. Around 17% of sulphate present in FS ended up in the DS. However, 
since sulphate is a meso-nutrient for the plants, this forward flux is not a problem, yet an advantage for plant growth. 
Additionally, we expect to find organic micropollutants in this solution (analyses being carried out at the moment) 
that could have diffused from the FS.

Table 1. Reverse and forward fluxes, and% of passage of ions present in FS and DS.

TOC Na+ N-NH4
+ K+ N-NO3

- P-PO4
3- SO4

2-

JS (mmol/m2/h) 26.7 108.6 77.9 0.5

Jf (mmol/m2h) 36.4 8.3

Passage from DS to FS, % 35.2 38.0 28.5 1.5

Passage from FS to FS 17.0 58.9 16.6
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Table 2. Average (avg.) concentraions of ions in influent samples and avg. removals calculated with mass balances  
for experimental condition (draw) and biotic control (B_control).

Influent concentrations (mg/L) Removals (%)

Draw B_Control Draw B_Control

TOC 41.5 14.4 83.6 38.7

Na+ 50.9 8.9 19.0 25.7

N-NH4
+ 27.1 29.7 71.2 79.8

K+ 298.6 196.9 23.2 66.0

Mg2+ 0 42.9 — 28.0

Ca2+ 0.1 145.2 — 26.0

N-NH3
- 112.7 168.4 24.0 75.0

P-PO4
3- 43.1 38.9 21.3 53.4

Cl- 1.3 0.6 32.8 51.9

SO4
2- 0.8 56.0 66.6 20.0

HYDROPONIC SYSTEM GROWIGNG LETTUCES IN DILUTED DS SOLUTION

Table 2 shows the influent concentrations for the experimental (draw) and biotic control solutions. Similar NH4
+ and 

PO4
3- was found in both solutions, but lower NO3

- and higher K+ concentrations were found in DS compared to the 
commercial solution. Additionally, the DS had Na+ and organics coming from the forward diffusion of FS constituents. 
Looking at the removals in Table 2, we see that nutrient content was not a limitation since none of the nutrients was 
removed completely, which would mean that the plants might require more.

Figure 1 shows lettuces harvested at the end of the experiments. Plants growing in DS looked slightly darker, smaller 
and with thicker roots than control lettuces. These effects are translated into different leaf area and water content 
(Table 3). However, the number of leaves of the lettuces growing in DS was not much different than those of the 
control, and they grew along the 4 weeks suggesting that diluted DS is a proper solution to grow lettuces, although 
nutrients should be balanced. It is also possible that their growth was inhibited by the Na+ content in the DS, since 
concentrations over 50 mg/L have been reported as toxic for plants (Raval and Koradiya, 2016) and the diluted DS 
had 50.9 mg/L of Na+ (Table 2).

Table 3. Plant health parameters of lettuces harvested after 4 weeks of growing in hydroponics.

Lettuces in DS Control lettuces

Leaves Roots Leaves Roots

Leaf area (cm2) 214 — 1056 —

Number 20 — 27 —

Fresh mass (g) 5.7 2.2 24.8 1.2

Water content (%) 91 78 96 95
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Figure 1. Lettuces harvested after 4 weeks of growing in hydroponics grown in DS (left)  
and commercial solution (right).

CONCLUSIONS

FO system showed good performance in terms of DS dilution for its direct application into hydroponic systems. 
However, the big solute fluxes of monovalent ions from DS to FS are translated into loss of efficiency for the process. 
Additionally, forward fluxes of sodium from FS to DS might compromise the quality of the diluted DS for its direct 
application into hydroponic systems since high sodium concentrations can be toxic for the plants.

The experiment run in the hydroponic system showed satisfactory results in terms of plant health, although it needs 
improvements. Plants growing in DS were smaller than those growing in commercial hydroponic nutrient solution, 
although they looked healthy.

Future research should focus on reducing the forward fluxes of FS constituents to DS to decrease the possible 
toxicity effects on the plants. Additionally, the reduction of reverse fluxes of DS constituents to FS is necessary to 
increase the economic viability of this technology. A deeper study on the several factors involving plant growth and 
health should be conducted to increase their growth and therefore the productivity of the hydroponic system. Finally, 
it would be of high interest to analyse the organic micropollutant and nutrient content in the plants, to assess the 
possible risks derived from eating crops irrigated with reused GW.
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ABSTRACT

Crude glycerol is a by-product of the transesterification from fatty acids to biodiesel. The expansion of biodiesel 
industries has increased crude glycerol production converting it into a reduced value by- product. Crude glycerol is 
receiving attention as an alternative substrate to produce biofuels as way to increase the utilization of all energy 
stored in the feedstock of biodiesel plants. The glycerol can be exploited by fermentation process using the strain 
Clostridium pasteurianum. The main products of its metabolism are butanol and 1-3 propanediol (1-3 PDO). Butanol 
is recognized as a bulk chemical and a biofuel with improved properties (Jia Chiet Choo et al., 2022; Li et al., 2021; 
Tipanluisa et al., 2022). Furthermore, 1-3 PDO is used in the synthesis of polymers (Sun et al., 2018).

C. pasteurianum is significantly affected by the impurities present in the crude glycerol such as methanol and 
material organic non glycerol (MONG), hence before the fermentation process the crude glycerol should be previously 
pretreated. Butanol produced during the fermentation time hinder cell growth and maintenance, hence it is proposed 
products recovery in-situ strategies to avoid the inhibition by product (Jensen et al., 2012; Zhu et al., 2019). The aim 
of this work is to give a step toward the exploitation of crude glycerol to reduce the environmental impact of biodiesel 
industries and offer a green biofuel alternative contributing to circular economy.

Two crude glycerols were obtained from different industrial plants, those producing biodiesel from transesterification 
process of mixture of UCO (used cooking oil) and animal fat (Source 1) or only from UCO (Source 2). Pure glycerol 
was also used for comparative purposes. Crude glycerols were pretreated by adsorption with 0.5 g activated carbon 
per gram of crude glycerol and filtration by 1.2 µm mesh. The strain C. pasteurianum DSM 525 under a modified 
medium from Biebl with FeSO4 (5 mg L-1) and yeast extract (1 g L-1) was used. Crude glycerols fermentation to bench 
fermenters was performed in glass stirred tank reactors (SRT) of 1 L (700-mL working volume) at 37 ºC. A pH control 
system was implemented to maintain the pH above 6.5 by injecting 3 M NaOH. In-situ product recovery was later 
applied by bubbling the gas fermentation in the bottom of the bench fermenter. The gas flow was approximately 4.85 
vvm (gas fermentation volume volume medium-1 min-1). The products were recovered by a flat condenser maintained 
at 5 ºC by a thermostatic bath system.

Figure 1 shows the variation of glycerol, butanol and 1-3 PDO concentrations during fermentation under controlled 
minimum pH. Conversion of glycerol was observed from the beginning of the fermentation, with a decrease in 
glycerol concentration and product detection after 12 h of fermentation. A lower fermentation rate was observed in 
the first stage of crude glycerol from source
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2. Butanol concentration was stabilized at 24 h while 1-3 PDO production continued to the end of the process. The 
glycerol consumption was 85% using crude glycerol from source 2, higher than with the other glycerol sources 
assayed. Similar solvents concentrations were achieved in both pure glycerol and glycerol from source 1 (9.18 ± 0.56 
of butanol and 2.26 ± 0.91 g L-1 of 1-3 PDO). The metabolic route toward 1-3 PDO was favored with glycerol from 
source 2 (7.72 ± 1.62 g L-1). The butanol produced hindered the maintenance and cell growth, so in-situ recovery of 
butanol by gas stripping was implemented.

Figure 1. Glycerol consumption, butanol and 1-3 PDO production with pH control.

Results of the fermentation process with butanol recovery is shown in Figure 2. Source 2 maintained the same trend 
regarding previous results showing a longer lag phase with low glycerol consumption and no butanol production in 
12 h of fermentation. The continuous recovery of butanol from the medium enhanced the accumulated production 
of butanol to 12.5 ± 0.8, 11.4 ± 2.2, and 11.3 ± 0.2 g L-1 with pure glycerol, source 1, and source 2, respectively. 
Glycerol consumption higher to 83% was achieved for all glycerol sources assayed. The butanol recovery seemly 
directs the metabolic to 1-3 PDO producing around 7 g L-1 for all glycerol sources. These results demonstrate that 
in-situ product recovery improved the bioconversion of industrial crude glycerol to butanol so, the fermentative 
pathway could be an attractive alternative for the valorization of crude glycerol from fatty acids/oil origins.

Figure 2. Glycerol consumption, butanol and 1-3 PDO with pH control and in-situ recovery of butanol by gas stripping.
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INTRODUCTION

Purple phototrophic bacteria (PPB) have re-emerged as mediators for resource recovery from wastewater. The 
photoheterotrophic metabolism of PPB allows them to use light as energy source and organics as source of carbon 
and electrons. This particular growth strategy enables the simultaneous assimilation of carbon and nutrients, which 
can be recovered as biomass at yields up to 1 g COD·g COD-1. Median removal efficiencies of 76%, 53% and 58% for 
COD, N and P have recently been reported, depending on the wastewater COD:N:P ratio (Capson-Tojo et al., 2020).

As with any phototrophic process, the main limitation for implementing PPB technology is its high cost (Acién 
Fernández et al., 2019). Therefore, profits must be maximised (via optimised treatment performance and product 
value) and costs must be minimised. The latter entails that enriched cultures must be used (no sterilisation costs), 
and that sunlight must be the energy source (artificial light is prohibitive) (Capson-Tojo et al., 2020). Optimal reactor 
design is also paramount, providing efficient mixing, light distribution, and allowing load maximisation. Decades of 
research on microalgal reactor design can provide a starting point for PPB, but conclusions from algae cannot be 
directly extrapolated, as their underlying biochemical processes are completely different. The most common 
cultivation technologies for phototrophs are photobioreactors (PBRs) and open ponds (OPs) (Posten, 2009). While 
PBRs lead to improved performances and productivities, they are more expensive, which has made OPs the most 
common configuration for growing microalgae (IEA Bioenergy, 2017).

Here, we present the bases of PPB biochemistry, their fundamental differences vs. algae, and the implications that 
these have for the implementation of PPB processes. In addition, we also present results from a demonstration 
scale PPB PBR operated outdoors, treating industrial wastewater (the first of its kind). These results, together with 
recently published data, are used to validate our statements and to point research towards realising the full-scale 
implementation of PPB processes.

MATERIALS AND METHODS

The demonstration plant PBR was a flat plate reactor of 1 m3, covered with UV-VIS absorbing foil (Hülsen et al., 
2022b). The wastewater fed (from a poultry processing plant), the feeding regime, the growth strategy (suspended 
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vs. attached) and the HRT were varied over the operational period (192 days; see Table 1). The concentrations of 
soluble and total COD, total phosphorus (TP) and total Kjeldahl nitrogen (TKN), NH4+-N, PO 3--P, VFAs, and total and 
suspended solids were measured twice a week. The characteristics of the harvested biomass (via centrifugation) 
were also determined.

RESULTS AND DISCUSSION

Results from the demonstration scale photobioreactor

The PBR provided effective VFA, N and P removal despite the varying environmental conditions (i.e., day-night cycles, 
peaks daily temperatures of 14-42 ºC, and daily irradiances of 3-32 MJ · m-2), with average removal efficiencies of 
>90% (in most phases), 34-77%, and 21-45%, respectively (Figure 1). Photoheterotrophic assimilation of VFAs 
occurred at rates over 0.5 g SCOD · L-1 · d-1 (peaks up to 1.0 g SCOD·L-1·d-1). The removal of N and P was limited by 
COD availability (i.e., VFAs), as the wastewater had a COD:N:P ratio far from the PPB uptake ratio (Figure 1). Feeding 
prefermented wastewater only during daytime hours allowed to maximise biomass productivities and PPB relative 
abundances (up to 0.56), while maintaining treatment performance. Optimal retention times of 2.1-2.4 d (Table 1) 
lead to estimated biomass productivities up to 24 g VS · m-2 · d-1 (conservative), at organic loading rates around 1.5 
g COD · L-1 · d-1. The produced biomass was harvested at 90±1% VS/TS, with a crude protein content of 58 ± 14% and 
an amino acid profile suitable for animal feeding.

Figure 1. Removal efficiencies of (up) SCOD and VFAs and (down) total Kjeldahl nitrogen (TKN) and total phosphorus (TP) at the 
different operation periods. The roman numbers refer to the phases described in Table 1. Adapted from Hülsen et al. (2022b).
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Table 1. Operational conditions of the photobioreactor during different periods (Hülsen et al., 2022b).

Parameter Phase I Phase II Phase III Phase IV Phase V Phase VI

Duration (d) 1-32 35-60 63-95 93-118 120-127 130-192

Substrate FWW FDAF FDAF FDAF FDAF FDAF

Feeding strategy Continuous Continuous Continuous Continuous Daytime Daytime

HRT (d)* 4.4-5.7 2 2 1 2.4 2.1

Growth strategy Suspended Attached Suspended Suspended Suspended Suspended

Average temperature 
inside reactor (ºC)** 26 (2.8) 25 (3.5) 25 (3.1) 24 (3.0) 18 (1.5) 16 (1.3)

Daily average
irradiance (MJ · m-2) 26 (5.7) 20 (7.9) 19 (7.1) 18 (4.1) 15 (2.3) 13 (1.7)

FWW stands for fermented wastewater, FDAF for fermented dissolved air flotation effluent and HRT for hydraulic retention time.
* Note that when feeding only during daytime, the daytime (effective) HRT is half of the given value.
** These values correspond to the moments when the samples were taken (10-12 am).

PPB fundamentals and implications for reactor design

The data shown above show that PPB can effectively generate a valuable product from wastewaters using 
outdoors PBRs. Nevertheless, while promising, the reported loads and productivities do not ensure a feasible 
economic process, even when using OPs. The given values are on the high-end for microalgal processes, 
suggesting process feasibility, but extrapolations and comparison from/with algae systems can be misleading. 
The main reasons for this are: (i) a more significant light attenuation in PPB cultures (Capson-Tojo et al., 2022) and 
(ii) the requirement of anoxic/anaerobic conditions. These differences have two main implications for reactor 
design: (i) light-path lengths need to be shorter in PPB systems (e.g. 5-10 cm vs. 30 cm deep OPs (Capson-Tojo et 
al., 2022)), and (ii) O2 diffusion must be minimised. The PBR used above had a thickness of 8 cm, showing that 
there was no effective light limitation. Results from OPs (100 L) reported light limitation at depths of 10-20 cm 
(Alloul et al., 2021) and at 15 cm (Sepúlveda-Muñoz et al., 2020). Light limitation at depths of 15 cm in OPs was 
confirmed by other studies, where longer retention times (4-11 d) than those usually applied were needed (García 
et al., 2019; López-Serna et al., 2019). Concerning anaerobic conditions, no oxygen was detected in the 8 cm 
demonstration PBR (despite being open at the top (Hülsen et al., 2022b)). A study using OPs recently suggested 
that this might be challenging in OPs, due to the larger liquid-gas exchange surface (Alloul et al., 2021). Minimisation 
of dissolved oxygen (DO) in 10-20 cm deep OPs by daytime mixing only increased the PPB proportions from 14 to 
56%. The need to minimise DO concentrations in OPs by low mixing intensities and by small surface/volume ratios 
(S/Vs) to reduce O2 diffusion (opposed to the high S/V needed for efficient light supply), will be a key challenge for 
designing PPB OPs. These challenges might tip the balance towards the utilisation of PPB PBRs (see Figure 2 for 
a comparison between PBRs and OPs).
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Figure 2. Qualitative comparison between open ponds (OPs) and photobioreactors (PBRs). Their main characteristics concerning 
light distribution, dissolved oxygen (DO) availability, cost, and applicable harvesting methods are discussed. Harvesting is not 

discussed in the text due to space limitations. Adapted from Hülsen et al. (2022a).

CONCLUSIONS

Although dedicated research is needed using both PBRs and OPs under different conditions, the given results (and 
fundamental differences between PPB and microalgae) suggest that PBRs seem to be a more promising option for 
PPB systems. Data from the demonstration PBR show that the process in technically fasible, with promising loads, 
productivities and retention times in outdoor units. Nevertheless, dedicated economic-cost analyses are needed, as 
well as data from holistic demonstration-scale processes. Crucial aspects to be studied are the applicability and 
value of the harvested PPB biomass (including product biosafety assessment), as well as data on biomass post- 
treatment (e.g., harvesting, drying, potential sterilisation, etc.), and PBR mixing.

REFERENCES

Acién Fernández, F. G., Fernández Sevilla, J. M., Molina Grima, E. (2019). Costs analysis of microalgae production, Second 
Edi. ed, Biofuels from Algae. Elsevier B. V.

Alloul, A., Cerruti, M., Adamczyk, D., Weissbrodt, D. G., Vlaeminck, S. (2021). Operational Strategies to Selectively Produce 
Purple Bacteria for Microbial Protein in Raceway Reactors. Environ. Sci. Technol. 55, 8278-8286.

Capson-Tojo, G., Batstone, D. J., Grassino, M., Hülsen, T. (2022). Light attenuation in enriched purple phototrophic bacteria 
cultures: implications for modelling and reactor design. Water Res. 219, 118572.

Capson-Tojo, G., Batstone, D. J., Grassino, M., Vlaeminck, S. E., Puyol, D., Verstraete, W., Kleerebezem, R., Oehmen, A., 
Ghimire, A., Pikaar, I., Lema, J. M., Hülsen, T. (2020). Purple phototrophic bacteria for resource recovery: Challenges and 
opportunities. Biotechnol. Adv. 43, 107567.

García, D., de Godos, I., Domínguez, C., Turiel, S., Bolado, S., Muñoz, R. (2019). A systematic comparison of the potential of 
microalgae-bacteria and purple phototrophic bacteria consortia for the treatment of piggery wastewater. Bioresour. 
Technol. 276, 18-27.

barraquete
Nuevo sello



Purple phototrophic bacteria for resource recovery: fundamental bases and current stage of development    318

Congreso YWP SPAIN, 2022. Valencia

Hülsen, T., Barnes, A. C., Batstone, D. J., Capson-Tojo, G. (2022a). Creating value from purple phototrophic bacteria via 
single-cell protein production. Curr. Opin. Biotechnol. 76, 102726.

Hülsen, T., Züger, C., Batstone, D. J., Solley, D., Ochre, P., Porter, B., Capson-Tojo, G. (2022b). Outdoor demonstration- scale 
flat plate photobioreactor for resource recovery with purple phototrophic bacteria. Water Res. 216, 118327.

IEA Bioenergy (2017). State of Technology Review–Algae Bioenergy.

López-Serna, R., García, D., Bolado, S., Jiménez, J. J., Lai, F. Y., Golovko, O., Gago-Ferrero, P., Ahrens, L., Wiberg, K., Muñoz, 
R. (2019). Photobioreactors based on microalgae-bacteria and purple phototrophic bacteria consortia: A promising 
technology to reduce the load of veterinary drugs from piggery wastewater. Sci. Total Environ. 692, 259-266.

Posten, C. (2009). Design principles of photo-bioreactors for cultivation of microalgae. Eng. Life Sci. 165-177. https://doi.
org/10.1002/elsc.200900003

Sepúlveda-Muñoz, C. A., Ángeles, R., de Godos, I., Muñoz, R. (2020). Comparative evaluation of continuous piggery 
wastewater treatment in open and closed purple phototrophic bacteria-based photobioreactors. J. Water Process Eng. 
38, 101608.

barraquete
Nuevo sello



Computational Fluid Dynamics Modeling of propellers:  a machine learning approach    319

Congreso YWP SPAIN, 2022. Valencia

Computational Fluid Dynamics Modeling of propellers:  
a machine learning approach

Jaume Luis-Gómez1*, Sergio Iserte1, Raúl Martínez-Cuenca1, Sergio Chiva1

1 Department of Mechanical Engineering and Construction, University Jaume I, Spain
* Corresponding author: jaluis@uji.es

Keywords: Computational Fluid Dynamics, Deep Learning, Inverse Problems, Deep Neural Network, 
Momentum Source Modelling.

Mixers and reactors are well established systems in our industry, being of primary importance for the treatment of 
water and the manufacturing of compounds. During the last years, many authors have applied Computational Fluid 
Dynamics (CFD) to get a better understanding of their behaviour and try to optimize their efficiency. The momentum 
source approach allows to obtain accurate enough simulations at a low computational cost. However, the selection 
of the proper momentum source components is a cumbersome task. This work presents a novel methodology that 
combines CFD simulations and Machine Learning (ML) to provide the momentum source components of any 
propeller from a set of velocity measurements in a close region around it. Results show predictions of momentum 
source components very close to the original ones, generating CFD results in close agreement with the original 
velocity fields.

INTRODUCTION

Most industrial applications basing on the treatment of fluids need for devices able to activate and/or mix the fluid 
(Hemrajani, 2004) such as pumps, mechanical rotating mixers, fans, etc. Propellers are among the most used 
devices to this purpose, specially for water treatment. With the advance of the computational power, enormous 
amount of effort has been made to obtain Computational Fluid Dynamics (CFD) simulations that can reproduce the 
hydrodynamic effects of these elements as shown in Figure 1 (Climent, 2019).

Figure 1. 3D view of the full-scale model corresponding to a wastewater treatment plant (a) and velocity  
contour at 1.5 m high (b).
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In this context, several approaches have been developed (Löhner, 1987; Murthy, 1994; Issa, 1994; Huang, 2013). 
Among these methods, the Momentum Source method allows to reproduce accurately velocity field by means of 
introducing a momentum source term in Navier-Stokes momentum equations in the subdomain volume where the 
propeller is acting (Gaden, 2010). As a counterpart, it is first needed to provide a momentum source value. Proposals 
basing on mechanistic models are difficult to implement in practice and are subject to strong approximations that 
limit their accuracy.

In this context, a novel method using ML has been tested by means of training a Deep Neural Network (DNN) to solve 
the inverse problem. That is, given a velocity field, the DNN will provide the momentum terms to give a simulation 
result as close as the original field. The use of AI has already been implemented in fluid mechanics with good results 
(Brunton, 2020).

METHOD

In the Momentum Source method, the propeller geometry is substituted by a cylindrical sub-domain inside the main 
domain that contains a momentum source term for each spatial component in the momentum equations. The 
momentum source vector can be expressed in cylindrical coordinates as M = Mrûr + Mtût + Mzûz. The purpose of this 
work is to obtain the three momentum components that represent a given propeller from a reduced set of samples 
of the velocity field around it.

First, CFD simulations serve to produce the so-called training set from where 200 velocity values will be sampled for 
each case. In these simulations, the flow domain is restricted to a 10° slice of a cylinder (surrounded by openings) 
to take advantage of the rotational symmetry of the problem. Then, a total of 500 cases were generated with different 
sets of momentum source terms uniformly distributed. The maximum allowed module was 5.000 kg m-2s-2, allowing 
positive and negative values, except for Mz. Also, Mz must be at least the half of the module of each set.

Second, a neural network is designed to learn the relationship between velocity values and momentum source 
components. This DNN follows the multi-layer perceptron class using non-linear activation functions (LeakyReLU 
function). The architecture consists of 7 hidden layers with 4 dropout layers between them to obtain the complexity 
required for the predictions needed and to minimize the overfitting problem, respectively. The input layer is composed 
by 600 neurons (three velocity components for every sampling point), while the output layer is formed by 3 neurons 
(one for each predicted momentum component). The input layer is split in 3 parallel layers of 200 neurons to account 
independently for each velocity component and enhance the final accuracy of the DNN.

Finally, the neural network is trained. From the original 500 cases, 400 were used to train the DNN using a mean 
squared error metric. The remaining 100 cases, where used to test the accuracy of the DNN. This testing was 
performed comparing the momentum terms predicted with the original ones.

RESULTS

The performance of the DNN is illustrated in Figure 2. Here, the predicted momentum components are compared to 
the actual ones for the 100 validation cases. The green line represents a line of 45 degrees where perfect predictions 
should match the true values, and the red one is the linear correlation marked by the predictions. The resulting 
slopes (0.96 for the axial component and up to 0.99 for radial and azimutal) and R2 values (ranging between 0.93 and 
0.98) indicate a strong predictive capability of the DNN.
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Figure 2. Comparison between predicted and actual momentum for the virtual experiment. Strong correlation isfound for the (a) 
axial, (b) radial and (c) azimuthal components.

To further illustrate the capability of the proposed DNN, Figure 3 compares the velocity field for one of the validation 
cases. Figure 3.a corresponds to the velocity field caused by the actual momentum source. Then, 200 velocity 
samples were taken and served as input to the DNN to infer the momentum source components. Figure 3.b shows 
the velocity field caused by the predicted momentum. Note that both fields are almost identical.

Figure 3. Comparison between (a) actual and (b) predicted velocity fields for one of the cases.

CONCLUSIONS

This work has introduced a new methodology to obtain the momentum source components of propellers from 
“experimental” velocity values thanks to the advantages of ML. This method consists of training a DNN from a set 
of CFD simulations comprising momentum sources with a random distribution of its component values.

The performance of this DNN has been demonstrated in a virtual laboratory, where CFD simulations serve to obtain 
“experimental” velocities. The results show a remarkable agreement between original values and predictions, and 
velocity fields from original simulations and the ones generated from the DNN´s predictions.
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RESUMEN

Este estudio se enfoca en evaluar la posible degradación física, química y/o biológica de los microplásticos (MPs) 
retenidos en los fangos de las Estaciones Depuradoras de Aguas Residuales (EDAR). Para ello se han operado en 
paralelo dos digestores a escala laboratorio; el primero de ellos como un digestor anaerobio convencional (AnR) y 
el segundo como un digestor anaerobio con membrana (AnMBR). El tiempo de retención hidráulico (TRH) en ambos 
digestores se ha fijado en 20 días mientras que el tiempo de retención celular (TRC) del AnR se ha fijado en 20 días 
y el del AnMBR en 40 días. La membrana permite desacoplar los valores de TRH y TRC aumentando así la retención 
de la biomasa en el reactor. Ambos digestores se han alimentado continuamente con fango mixto (primario + 
secundario) procedente de una EDAR. Los resultados obtenidos muestran que el AnMBR es más eficiente que el 
AnR en cuanto a eliminación de materia orgánica (64.3% vs 49.5%), producción de metano (58.6% vs 46.1%) y 
eliminación de microplásticos (56% vs 35%). Por lo tanto, el AnMBR muestra mejores resultados que el AnR.

INTRODUCCIÓN

La contaminación por micro y nanoplásticos (MNPs) es un problema ambiental emergente. Investigaciones 
recientes demuestran que los MNPs se han extendido masivamente tanto por los ecosistemas marinos como de 
agua dulce, así como en los suelos (Estahbanati and Fahrenfeld, 2016). Las EDAR son las primeras barreras que 
frenan la entrada de MNPs a los ecosistemas acuáticos. Numerosos estudios demuestran que la mayoría de MNPs 
presentes en las aguas residuales quedan retenidos en los fangos generados en las EDAR (Gatidou et al., 2019; 
Li et al., 2018) lo cual limita y afecta a sus posteriores rutas de aprovechamiento (Peng et al., 2017; Wei et al., 2019). 
De hecho, se ha comprobado recientemente que la aplicación de lodos de depuradora en la agricultura da lugar a 
una mayor acumulación de MNPs en los suelos (van den Berg et al, 2020).

El objetivo principal de esta investigación es estudiar la degradación de los MPs transferidos a los fangos de EDAR 
en digestores anaerobios a escala laboratorio. Para ello, se están operando en paralelo dos digestores a escala 
laboratorio: un digestor convencional (AnR) y un digestor equipado con una membrana de ultrafiltración (AnMBR).

Por otra parte, se pretende estudiar la biodegradabilidad de dos tipos de microplásticos: ácido poliláctico (PLA) y 
ácido polihidroxibutírico (PHB), así como el efecto de su presencia en la producción de metano, tanto en ensayos 
anaerobios en discontinuo como en los digestores AnR y AnMBR a escala laboratorio.
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MATERIAL Y MÉTODOS

Descripción y operación de los digestores AnR y AnMBR a escala laboratorio

La Figura 1 muestra el esquema del montaje experimental de los digestores anaerobios a escala laboratorio. Este 
montaje consta de dos tanques de metacrilato de 14 L de capacidad, de los cuales 8 están ocupados por fango y el 
volumen restante por el biogás producido. El digestor AnMBR dispone adicionalmente de un tanque (0.9 L) externo 
donde se sumerge un módulo de membrana de ultrafiltración (UF) de fibra hueca (0.5 m2, Koch Membrane Systems).

Figura 1. Diagrama de proceso de los digestores anaerobios convencional (izqda) y AnMBR (dcha).

RESULTADOS Y CONCLUSIONES

En la Tabla 1 aparece caracterizado el fango mixto utilizado como alimento de ambos digestores. Los resultados 
obtenidos hasta el momento se presentan en las Tablas 2 y 3. En estas tablas se puede observar que la concentración 
de sólidos suspendidos en el AnMBR es mayor que en el AnR debido al mayor TRC. Ese mayor TRC en el AnMBR 
provoca también una mayor eliminación de materia orgánica (64.3% vs 49.5%) y una mayor producción de metano 
(24.2 L/semana vs 17.0 L/semana). El%SSV es menor en el AnMBR teniendo el fango un mayor grado de 
estabilización. Respecto a la biodegradación de MPs, los resultados obtenidos hasta el momento muestran una 
mayor eficiencia de eliminación de microplásticos en el AnMBR (56%) que en el AnR (35%). Se pretende comprobar 
si esa mayor eliminación se debe a una mayor degradación por el mayor tiempo de retención celular o si los MPs 
quedan adsorbidos sobre la membrana y/o la torta filtrante generada.

Tabla 1. Caracterización del fango mixto utilizado como alimento  
(valores medios ± desviación estándar).

Fango mixto

SST (mg · L-1) 20859 ± 2312

% SSV 80.4 ± 0.7

DQOT (mg DQO · L-1) 30149 ± 3667

DQOS (mg DQO · L-1) 3332 ± 526

AGV (mg CH3COOH · L-1) 2006 ± 199

Alk (mg CaCO3 · L-1) 3261 ± 125

S-SO4 (mg S · L-1) 11.91 ± 0.18
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Tabla 2. Comparación del funcionamiento de los digestores (Valores medios ± desviación estándar).

AnMBR AnR

SST (mg · L-1) 21611 ± 1951 17733 ± 2292

SSV (%) 56 ± 4 58 ± 2

DQO (mg · L-1) 23751 ± 1687 19577 ±1714

Y-CH4 (L CH4 · g-1 DQO) 0.225 ± 0.016 0.171 ± 0.017

VCH4 (L · semana-1) 24.20 ± 2.06 17.00 ± 1.79

Biometanización (%) 58.6 ± 4.2 46.1 ± 4.3

DQO eliminada (%) 64.3 ± 4.4 49.5 ± 3.6

Tabla 3. Comparación del porcentaje de eliminación medio de MPs entre los digestores AnMBR y AnR  
(Valores medios ± desviación estándar).

< 500 micras 104-500 micras 41-104 micras Global

% Eliminación AnMBR 89 ± 3 49 ± 35 33 ± 5 56 ± 23

% Eliminación AnR 74 ± 13 14 ± 20 12 ± 3 35 ± 7
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INTRODUCTION

It is well-known that increasing CO2 emissions are one of the main causes of global warming and climate change. 
Reducing the emission sources is crucial, but also the production of valuable products from CO2 is fundamental to 
help harness this issue. In this sense, Cupriavidus necator is a chemolithotrophic microorganism that uses O2 as 
electron acceptor and H2 as electron donor for CO2 uptake. This microorganism is known for its ability to store 
polyhydroxyalkanoates (PHAs), that are increasingly being used to replace plastics obtained from chemical 
compounds of fossil origin. PHAs accumulation, which can even reach 90% of cell dry weight, occurs when the 
microorganism grown in standard medium is exposed to stress like nutrient limitation, oxygen limitation or glucose 
exceeding. Additionally, C. necator has been proven to convert CO2 into polyhydroxybutyrate (PHB), even if with 
limited yields due to the low solubility of necessary gases in the aqueous medium (Yu et al., 2018). However, in the 
framework of using the CO2 present in biogas streams for PHB accumulation by C. necator several aspects are still 
unexplored. First of all, the toxicity of methane for this bacterium is unknown, and secondly no data about CO2 
consumption under anoxic condition is yet available. The current work is focused on the evaluation of a combined 
process that allows the removal of a greenhouse gas and the simultaneous production of two value-added products: 
upgraded biomethane and PHAs. Moreover, the growth of C. necator in real digestate with a high concentration of 
volatile fatty acids (VFAs) was tested.

MATERIALS AND METHODS

Organism, media and nutrients

C. necator DSM 545, a mutant of C. necator DSM 529, was selected since it constitutively expresses glucose-6-
phosphate dehydrogenase, being able to use glucose as carbon source. C. necator DSM 45 was activated at ambient 
temperature in Nutrient Agar and routinely cultivated at 37 ºC in the Broth DSMZ81. Different carbon sources were 
used for testing the growth rates: glucose, pure CO2, CO2 present in biogas and VFAs from digestate. Both real biogas 
and digestate with a high concentration of VFAs were taken from an industrial anaerobic digester treating wastewater.
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Metabolic model reconstruction

DNA of C. necator DSM545 was extracted from the pure culture and sequenced with a combination of Illumina and 
Nanopore technologies. Raw reads were assembled and scaffolds were combined using the long reads information. 
The full genome of the strain was completely closed, genes were predicted and annotated. The metabolic model 
reconstruction of the bacterium was obtained using Gapseq v1.2 with default parameters. Gapfilling method was 
performed using different media, and varying between heterotrophic and autotrophic conditions. Models growth 
were studied using COBRApy, where different VFAs were used as substrate to test the capability of C. necator to use 
different metabolites.

Experimental design and set-up

Six experiments were performed to test metabolites and growth conditions (Table 1), including temperature 
comparison, carbon source preference, and gasses consumption or production. Specific tests were carried out to 
verify CO2 and CH4 toxicity, and to use real biogas as feeding substrate.

Table 1. Different conditions tested for C. necator growth.

Experiment Temp. 
(ºC)

Pressure 
(atm)

Carbon 
source

Mixture of fed gasses  
(%, v/v)

Flushed 
gas

Growth condi-
tions

1.  Temperature 
comparison

1a Room 
(22) 1 Glucose 21 O2, 78 N2 Air Aerobic

1b 30 1 Glucose 21 O2, 78 N2 Air Aerobic

1c 37 1 Glucose 21 O2, 78 N2 Air Aerobic

2.  CO2/VFA/glucose 
growth

2a 37 1 Glucose 21 O2, 78 N2 Air Aerobic

2b 37 2.38 CO2 10.5 CO2, 5 O2, 42.1 H2, 
42.1 N2

N2

Microaerophilic

2c 37 1 VFA Microaerophilic

3. Gas consumption

3a 37 1 Glucose 21 O2, 78 N2 Air Aerobic

3b 37 2.38 CO2
10.5 CO2, 5 O2, 42.1 H2, 

42.1 N2
N2 Microaerophilic

4. CO2 toxicity

4a 37 1 Glucose 21 O2, 78 N2 Air Aerobic

4b 37 1.05 CO2 5 CO2, 19 O2, 74 N2 N2 Microaerophilic

4c 37 1.10 CO2 9 CO2, 18 O2, 71 N2 N2 Microaerophilic

4d 37 1.20 CO2 17 CO2, 17 O2, 65 N2 N2 Microaerophilic

4e 37 1.30 CO2 25 CO2, 15 O2, 60 N2 N2 Microaerophilic

4f 37 1.40 CO2 30 CO2, 14 O2, 56 N2 N2 Microaerophilic

5. CH4 toxicity

5a 37 1 Glucose 21 O2, 78 N2 Air Aerobic

5b 37 2 Glucose 40 CH4, 9 H2, 4 O2 CH4 Microaerophilic

5c 37 1.38 Glucose 72.7 CH4, 3.2 O2, 21.3 N2 CH4 Microaerophilic

6.Growth with biogas

6a 37 1 Glucose 21 O2, 78 N2 Air Aerobic

6b 37 1 CO2 50 CH4, 44 CO2 Biogas Anaerobic

6c 37 1 CO2 68 CH4, 24 CO2 Biogas Anaerobic

barraquete
Nuevo sello



Biogas upgrading and polyhydroxyalcanoates production from CO2 capture by Cupriavidus necator    328

Congreso YWP SPAIN, 2022. Valencia

The experiments were performed following two steps: first growing the microorganism in aerobic conditions using 
glucose (20 g·L-1) and secondly using the previous culture as inoculum (10% v/v) of batch bottles to study different 
conditions for C. necator growing and PHB accumulation. Batch assays were performed in 118 mL glass serum 
bottles with 40 mL working volume. The bottles were flushed with different gasses for 10 minutes to ensure the 
correct transference of that gas to the liquid and then immediately sealed with rubber stoppers and aluminium caps. 
After that, each specific amount of gasses was added to the bottles using graduate syringes. All bottles were 
incubated at the selected temperature of 37 ± 1 ºC on an orbital shaker with a constant agitation of 150 rpm. The 
experiments were conducted in triplicate.

Samples were taken in regular intervals during 72-190 h of cultivation to monitor optical density at 600 nm and 
gasses evolution. At the end of the experiments, intracellular PHB were observed in fluorescence microscopy using 
Nile red staining (Juengert et al., 2018), then extracted and measured using gas chromatography.

RESULTS AND DISCUSSION

The different conditions were tested according to the metabolic flux balance results, predicting that C. necator can 
grow with different carbon sources. In the first group of experiments (Figure 1a), 37 ºC was found to be the best 
temperature for C. necator growth, and so it was chosen in all the following tests. The second group of results 
showed that this bacterium preferred glucose instead of CO2 or VFAs, as previously reported in many studies, but 
further tests are ongoing to verify VFAs consumption and to test different concentrations (Figure 1b). Regarding the 
gasses uptake, O2 was found as the limiting factor for CO2 consumption (Figure 1c); in fact, neither H2 nor CO2 were 
consumed when O2 was limiting. Following the kinetics of O2 uptake, the 5% daily feeding was consumed in around 
20 hours. Both CO2 and CH4 toxicity were tested in the growing phase. When CO2 was fed from 5 to 17%, C. necator 
was able to consume the CO2 and grew similarly to the maximal growth with glucose. However, when 25 or 30% of 
CO2 was fed, the resulting growth rate was lower (Figure 1d).

CH4 was found not to be toxic for the microorganism (Figure 1e), however it could not grow with only biogas (Table 1). 
Further research is ongoing to estimate and test the O2 and H2 minimal requirements, and feed all the gasses 
proportionally.

In conclusion, biogas can be fed to C. necator DSM 545 with a minimum amount of O2 at lab scale and is potentially 
up scalable in a pilot process, allowing the biogas upgrading. It is expected that the simultaneous removal of CO2 
present in biogas and the externally provided O2 can lead to biogas upgrade to biomethane which can be injected 
into the gas grid while PHB is being produced. Also, as C. necator can use VFAs as carbon source, digestate from 
wastewater treatment plants could be used in the first step for growing the microorganism. Raw wastewater would 
also be considered as feeding substrate for next steps.
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Figure 1. Evolution of OD600 and gasses (±SD) for evaluating C. necator growth at different temperatures (a), in different carbon 
source (b), considering O2 availability (c), CO2 toxicity (d) and CH4 toxicity (e).
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INTRODUCCTION

Fossil fuel problems associated with greenhouse gas emissions have prompted the ongoing transition to a low-
carbon economy in which biorefineries play a key role. Besides, the current scenario of rising prices of fossil fuels 
makes that biorefineries emerge as potential solution to obtain bioenergy, biofuels and biochemicals from the 
responsible use of biomass. Biobutanol is a promising biofuel with gasoline-like properties that can be obtained 
through acetone-butanol-ethanol (ABE) fermentation from lignocellulosic wastes (Schubert, 2020). Among 
lignocellulosic biomass, rice straw is a potential feedstock to produce biobutanol due to its high sugar content. 
Industrial scale-up of this bioprocess requires an increase in butanol productivity limited by the low cell concentration 
of fermentation (Vees et al., 2020). The aim of this work was to study the butanol production from rice straw in high-
cell concentration fermenters operated in continuous using activated carbon to passively immobilize Clostridium 
beijerinckii DSM 6422.

MATERIALS AND METHODS

Continuous fermentations were carried out in 250 mL bottles (100 mL working volume) at 37 °C and 150 rpm. The 
experiments were monitored with a pH electrode (InLab Micro Pro-ISM, Mettler Toledo, Switzerland) connected to 
LoggerPro software (Vernier, Beaverton, OR, USA). An on/off feedback control strategy was used to prevent the pH 
from decreasing below a setpoint value. The system was equipped with a multichannel peristaltic pump (Reglo ICC, 
Ismatec, Wertheim, Germany) to set the feed and purge flow rate. Two experiments were carried out in parallel: an 
immobilized reactor with 10% (w v-1) of activated carbon and a free-cell reactor. In a first stage, the fermenters were 
fed during ~400 h with a model substrate (glucose 45 g L-1 and xylose 15 g L-1) that mimics the typical composition 
of rice straw hydrolysate. Continuous operation started at a dilution rate (D) of 0.05 h-1. Then, four D were tested 
(0.10, 0.15, 0.30 and 0.60 h−1) increasing D once the system achieved pseudo steady-state. Free-cell reactor was 
operated at a lower pH limit of 5.2. The effect of pH on the solvent production for the immobilized reactor was 
evaluated applying two pH minimum setpoints 5.5 and 5.2 for each D of 0.15 and 0.30 h-1. In a second stage, a 
validation of the immobilized system was carried out with rice straw previously obtained through alkaline pretreatment 
and enzymatic hydrolysis steps optimized by our group (Valles et al., 2021).

RESULTS
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Figure 1 shows the fermentation profile of continuous free-cell reactor at different dilution rates using synthetic 
feedstock. This reactor had a decrease in butanol production from 5.80 ± 0.68 g L-1 to 2.84 ± 0.05 g L-1 as the D 
increases from 0.05 to 0.15 h-1. The wash-out of the continuous free-cell reactor occurred at D = 0.30 h-1, although at 
0.10 h-1 a metabolic unbalance was already observed resulting in higher acid production (>6 g L-1) than solvent 
production (<3 g L-1). Figure 2 shows the fermentation profile of immobilized reactor with activated carbon at 
different dilution rates using A) synthetic feedstock and B) rice straw hydrolysate. Compared to the free-cell reactor, 
the activated carbon reactor showed a better balance between acid production and assimilation, being able to 
operate at D as high as 0.60 h-1. At a dilution rate of 0.15 h-1, the pH control strategy of 5.5 achieved a butanol 
production of 5.74 ± 0.10 g L-1 while the pH of 5.2 resulted in a butanol production of 6.83 ± 0.15 g L-1. The pH control 
strategy of 5.2 also enhance the butanol production at 0.30 h-1 (7.11±0.47 g L-1) compared to the pH set-point of 5.5 
(3.66 ± 0.24 g L-1) because of acid assimilation to produce solvents, so that this pH value was stabilised to operate 
the fermenter at D≥ 0.15 h-1. Butanol production of 3.82 ± 0.04 g L-1 was achieved at D = 0.60 h-1. As comparative 
purpose between continuous fermentation for the immobilized and the free cell reactor, Figure 3 shows the effect of 
dilution rate on sugar consumption and butanol productivity. Free-cell reactor achieved butanol productivities of 
0.29 ± 0.03 g L-1h-1 and 0.48 ± 0.05 g L-1h-1 for 0.05 and 0.10 h-1, respectively. The continuous immobilized reactor 
achieved lower butanol productivity (0.17 ± 0.02 g L-1h-1) at 0.05 h-1 and slightly better (0.61 ± 0.03 g L-1h-1) at 0.10 h-1 
compared to the free-cell system due to the fact that a part of the butanol was adsorbed on activated carbon until 
equilibrium was achieved. At a dilution rate of 0.15 h-1, the immobilized system achieved better butanol productivity 
(1.02 ± 0.02 g L-1h-1) and sugar consumption (80%) compared to the free-cell reactor (0.43 ± 0.03 g L-1h-1 and 70%, 
respectively). At a dilution rate of 0.30 h-1 the activated carbon fermenter achieved a butanol productivity of 
2.13 ± 0.14 g L-1h-1 along with a sugar consumption of 77%. The maximum butanol productivity obtained in the 
immobilized reactor was 2.29 ± 0.03 g L-1h-1 at a D = 0.60 h-1, however, sugar consumption was only 44% that would 
limit the use of rice straw. Figure 4 shows scanning electron microscope images of many C. beijerinckii cells 
adsorbed on the activated carbon. Finally, the validation of the immobilized reactor to produce butanol from rice 
straw is presented in Figure 2B) where the fermentation profile at different dilution rates are plotted. The validation 
stage achieved butanol productivities of 1.20 ± 0.08 g L-1h-1 at 0.15 h-1 and 2.07 ± 0.05 g L-1h-1 at 0.30 h-1, respectively. 
In both cases, similar sugar consumption was also achieved compared to model carbon substrate.

Figure 1. Fermentation profile of free-cell reactor of C. beijerinckii at different dilution rates (h-1) using synthetic feedstock.
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Figure 2. Fermentation profile of immobilized reactor of C. beijerinckii with activated carbon at different dilution  
rates (h-1) using A) synthetic feedstock and B) alkaline pretreated rice straw hydrolysate.

Figure 3. Effect of dilution rate on butanol productivity and sugar consumption during continuous f 
ermentation using C. beijerinckii DSM 6422.

Figure 4. Scanning Electron Micrographs of immobilized cells of C. beijerinckii DSM 6422 by adsorption  
onto activated carbon. A) magnification 1500x; B) magnification 8000x
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CONCLUSIONS

A continuous ABE fermentation system with immobilised of Clostridium beijerinckii DSM 6422 was successfully 
developed to improve butanol productivity 5-fold compared to the free-cell reactor. The immobilised reactor was 
able to operate at dilution factors (D ≥ 0.3 h-1) at which the cell-free reactor was washed out. The higher cell 
concentration in the activated carbon reactor resulted in a higher sugar consumption compared to the free-cell 
reactor. These results showed that the influence of pH on sugar consumption and solvent production is a function 
of the dilution ratio selecting pH control strategy of 5.2. The continuous-immobilized system efficiently produces 
butanol at high productivities (2.07 ± 0.05 g L-1 h-1) from rice straw keeping adequate sugar uptake.
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ABSTRACT

This document summarises the experience acquired in the drinking water, sewerage and sewage treatment plants 
(STP) developed in Nicaragua as a case study of a multilateral financing project in a developing country and the 
challenges involved.

The selection of Upflow Anaerobic Sludge Blanket (UASB) as an example of the need to apply disused technologies 
in Spain in order to adapt the technical solution to the requirements and possibilities of the client is further explored.

INTRODUCTION AND BACKGROUND TO THE PROJECT

Nicaragua remains one of the least developed countries in Latin America, where access to basic services is a daily 
challenge (World Bank, 2022). The Government of Nicaragua, through the Nicaraguan Water and Sewerage Company 
(ENACAL), is currently implementing a national investment programme to increase the coverage of water and 
sanitation services nationwide.

The Environmental Sanitation Programme of Lake Managua on the South Bank aims to improve the quality of life of 
over 1.4 million inhabitants, and to contribute to a better water quality of Lake Xolotlán. The total cost is 183.2 million 
US dollars, mostly provided by the KfW and the Central American Bank for Economic Integration (CABEI) (2021). It 
comprises the following projects:

• Expansion and improvement of the main sewerage network and STP in Managua.

• Expansion and improvement of the sewerage network and STP in Ciudad Sandino (CS).

• Expansion of the sewerage and drinking water networks and new STP in Tipitapa.

The consortium of decon international GmbH, IDOM Consulting, Engineering, Architecture, S. A. U. (IDOM) and 
Hidrotecnia Consultores, S. A., was awarded the contract for the feasibility and detailed design of the Program 
comprising the aforementioned projects (ENACAL, 2018).

barraquete
Nuevo sello



Case study: Environmental Sanitation Programme on the South Bank of Lake Managua - UASB technology application    336

Congreso YWP SPAIN, 2022. Valencia

CIUDAD SANDINO – STP AND UASB DESIGN

The Ciudad Sandino STP currently has an underground pre-treatment and two roughing, pumping, UASB and 
chlorination labyrinth lines, as well as sludge drying beds. After the rejection of the expansion project developed by 
Louis Berger (2010), IDOM is developing a new proposal with a flow expansion divided into the planning horizons 
year 2033 and year 2043 to serve 100% of the municipality of CS (Table 1).

Table 1. Water Flow displayed in m3/s for both time horizons years 2033 and 2043 (IDOM, 2022).

Year Population Connected
Design Flows (m3/s)

Average Dry Flow Average Wet Flow Peak Wet Flow

2033 176,331 0.322 0.429 0.654

2043 268,416 0.490 0.608 0.946

Design criteria, alternatives and technical outcome

In view of the need to select the most suitable water treatment method, experience in projects of similar characteristics 
developed in Spain is used, which are usually solved by means of the activated sludge process. However, this is 
a  very demanding option in terms of operation and maintenance for ENACAL’s possibilities. In addition, it is a 
particularity of the project that the nutrient values of the influent are lower than the maximum values currently 
permitted (Decree No. 21-2017), which makes it possible to resort to anaerobic operating technologies (Table 2).

Table 2. Inflow water values and effluent requirements as per Decree No. 21-2017.

Parameter Unit
Value

Inflow Outflow (Required max.)

pH Un. 7.05 6-9

DBO5 mg/l 346 90

DQO mg/l 624 180

SST mg/l 363 80

A&G mg/l 72.1 10

N total mg/l 17.35 45

P total mg/l 5.24 15

Faecal coliforms MPN/100 ml 1.5E+08 1.000

Therefore, after rejecting systems such as lagooning or wetlands due to lack of space, the UASB alternative was 
studied. The aim is to improve performance with respect to the current process but maintaining the existing reactors. 
The pre-treatment and drying beds will be replaced by new design.

Challenges: The UASB reactors are inflexible to flow variations and inefficient in the removal of nutrients and faecal 
coliforms (van Handel, 1994). To overcome these drawbacks, it is proposed to add a coarse and pumping well 
(Figure 1) to laminate the incoming flow and a UV disinfection system for the removal of coliforms, replacing the 
existing chlorination labyrinths. And it has already been mentioned that nutrient removal is not a requirement for this 
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project. As the other water characteristics are favourable (Louis Berger, 2010) and very hot days predominate, 
characterised by average temperatures above 34.0 ºC (INETER, 2022), thus fulfilling the requirement of high 
temperatures necessary for correct operation, the solution is considered adequate.

Figure 1. Aerial view of the BIM designed STP expansion. 2 of the new UASB reactors, pretreatment and coarse and pumping well 
are displayed (IDOM, 2022).

Solution: This results in a design (Figure 2) with good performance against the different scenarios. The energy 
consumption is low, and the door is open to the energy use of the methane gas generated. It also presents high 
efficiency in the removal of organic matter working at high load and generating little sludge already digested and 
significantly stabilised. The sludge can be recirculated to the headworks if necessary or discharged into the new 
drying beds to complete the sludge treatment.

Figure 2. Cross section of the BIM design for the new UASB reactors. The following can be identified: inlet channels, distribution 
downpipes, lower and upper GLS separators and the gas extraction circuit, adjoining chambers for sludge extraction at three levels, 

collection channels for treated water and a walkable surface for maintenance (IDOM, 2022).
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Power generation: While the detailed design of biogas utilisation is not part of the project, a feasibility study is 
presented. It is concluded that, despite the high initial cost, the inclusion of microturbines is a suitable option due to 
the large volume of gas generated and the favourable temperature.

CONCLUSIONS

To overcome the shortage of basic services, it is essential to ensure that any investment in basic infrastructure is 
properly leveraged. To this end, it is crucial to be able to adapt the technical- economic solution to the client’s 
possibilities. In this particular project, the challenge has been to develop a design that is unusual in Spain, taking into 
account the specifics of the environment and of ENACAL itself.

Personal growth and lessons learned

The opportunity to participate and help manage such a large project, both remotely and on site, has been an 
unprecedented experience for me. It is a very complex collaboration as so many players are involved such as the 
lending banks, the client, the partners or subcontractors, and the volume and quality of the product required is 
remarkable. It has become clear to me the importance of having a strong technical background and the ability to 
understand each situation in order to find the optimal way to apply that knowledge.
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OUTLINE PAPER

The water sector is changing the paradigm from wastewater treatment to resource recovery, transforming wastewater 
treatment plants (WWTP) into water resource recovery facilities. In this sense, the recovery and treatment of fat, oil 
and grease (FOG) substrates from WWTP streams is one of the key challenges to be solved. Induced air flotation 
(IAF) is a well-known commercial technology that is widely applied in urban WWTP for FOG removal. However, most 
IAF systems are not optimised and they usually operate with fixed parameters regardless of inflow variations in 
flowrate and organic loading rate. The optimisation of FOG recovery in WWTP is limited by the lack of a standard, 
easy and cheap methodology for the determination of FOG in wastewater samples. Current methods for FOG 
quantification are time-intensive and expensive and require the utilisation of advanced analysis equipment such as 
infrared spectroscopy or chromatography.

A new methodology to determine FOG has been developed adapting sulpho-phospho-vanillin (SPV) method 
— previously used for determination of lipids in biological systems (Anschau et al., 2017; Byreddy et al., 2016)— to 
wastewater samples. The developed method consists of: i) extraction of the FOG from the wastewater with 
chloroform; ii) solvent evaporation at 70°C; iii) reaction with sulphuric acid at 100°C; iv) addition of SPV reagent for 
colour development; v) measure absorbance at 530 nm; vi) determination of FOG concentration using a calibration 
curve prepared with olive oil as standard. The new methodology was validated by comparing the measurements with 
conventional IR measurments (Figure 1), showing a high correlation (R2 > 0.98) and a similar range of uncertainty 
(Romero-Güiza et al., 2022). The proposed method could be easily adopted at any WWTP lab.

The new proposed method for FOG determination was used to find the optimal operation conditions of the IAF 
system of the WWTP of Lleida. The system consists of 3 identical channels of grid and FOG removal, with 8 air 
inducing turbines on each. The number of channel and the number of turbines per channel were systematically 
modified to find the optimum hydraulic retention time (HRT) and organic loading rate (OLR). Results show that the 
extraction yield (kgFOGextracted/kWh) is maximised at HRTs between 0.18 and 0.22 h and at OLRs from 0.25 to 
0.30 kgFOG/m3·h (Figure 2). (Romero-Güiza et al., 2022).
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Figure 1. Correlation between the adapted SPV method and conventional IR method for FOG determination in wastewater 
samples.

Figure 2. Correlarion between FOG extraction yield and operational conditions (HRT and OLR) in the IAF system of Lleida WWTP.

Optimisation of the IAF system was done based on the obtained optimal HRT and OLR. When the inlet flowrate at the 
WWTP is low, one IAF channel is closed to reduce the HRT and maintain it within the optimal range. Similarly, the 
number of air inducing turbines per channel is modified depending on the OLR. This improved operation strategy is 
compared with traditional operation following the design criteria of the WWTP (3 IAF channels and 8 turbines per 
channels continuously). Results show that the amount of FOG recovered is very similar in both configurations (270 
and 230 kg d-1) while a significant reduction in the energy consumption is achieved with the “improved” configuration 
(858 and 508 kWh d-1). (Romero-Güiza et al., 2022).

Recovered FOG is finally recycled in the sludge line of WWTP. A full-scale pre-treatment system was installed at the 
WWTP to adequate the FOG extracted for co-digestion in the anaerobic digesters. The recovered FOG is saponified 
in a low temperature (<25 °C) alkaline pre-treatment that enables its use as co-substrate after sieving without 
operational/inhibitory problems (Romero-Güiza et al., 2021). First full-scale results show that the introduction of the 
recovered FOG in the anaerobic digesters increases both the production of biogas and the methane content 
(Figure 3), without harmful effects for the digestion process such as inhibitions or foam formation.
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Figure 3. Digester response (biogas flowrate and methane content) to the introduction of pre-treated FOG as co-substrate.

Table 1. Comparison of the traditional and the improved IAF operation strategy in the extraction of FOG  
and the energy consumption.

Strategy FOGEXT
(kg d-1)

FOGEXT Yield  
(%)

Electric con-
sumption (kWh 

d-1)

Specific FOGEXT 
(kg kWh-1)

Specific FOGEXT 
Yield (% MWh-1)

Traditional IAF 
operation 270 ± 30 17 ± 2 858 ± 3 0.31 ± 0.03 20 ± 2

Improved IAF
operation 230 ± 60 16 ± 3 508 ± 1 0.46 ± 0.10 32 ± 7
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ABSTRACT

MicroAlgae 4.0 aims to develop a Water Resource and Recovery Facility (WRRF) scheme based on microalgae 
cultivation biotechnology to maximise reclaimed water production and nutrient recovery from wastewater and to 
minimise environmental pollution. To this aim, MicroAlgae 4.0 will focus on overcoming the barriers that hinder the 
wide implementation of microalgae-based systems by improving the performance and reliability of the process, 
developing innovative digital tools that monitor and automate the system, and assuring the safety of the by-products 
obtained.

Considering the challenges faced in MicroAlgae 4.0, its innovation and the alignment with European policies, 
MicroAlgae 4.0 is considered a highly ambitious proposal that could go beyond the current state-of-the-art.

INTRODUCTION

MicroAlgae 4.0 is a research and career development project funded by the Marie Curie Program (HORIZON Marie 
MSCA Postdoctoral Fellowships).

MicroAlgae 4.0 follows some principles recognised in the European Green Deal (EC, 2019), specifically: i) Circular 
Economy (CE) principles (EC, 2020a); ii) safety in reclaimed water and nutrient management; iii) digitalisation; iv) 
water-energy-food-ecosystems (WEFE) Nexus approach (Carmon-Moreno et al., 2018); and v) the zero-pollution 
ambition (EC, 2020b).

The research and innovation activities of MicroAlgae 4.0 will consist of developing a Water Resource and Recovery 
Facility (WRRF) scheme based on microalgae cultivation biotechnology with the goal of maximising reclaimed water 
production and nutrient recovery from wastewater (Circular Economy) and minimising environmental pollution 
(zero-pollution) (Figure 1). According to the Circular Economy Action Plan (EC, 2020a), microalgae cultivation 
biotechnology appears as one of the main approaches to develop CE in the water and waste sectors due to their 
capacity to recover nutrients from wastewater. Microalgae present other advantages: act as carbon sink, valuable 
biomass can be obtained, can grow in non-arable lands, can be cultivated in different wastewater streams and are 
capable of oxidising pollutants of emerging concern (photocatalysis).
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Figure 1. Microalgae-based WRRF scheme of MicroAlgae 4.0 project.

Previous studies on microalgae-based wastewater treatment have mainly focused on design factors and on the 
removal of organic matter, solids and nutrients (González-Camejo et al., 2021). However, wide implementation of 
microalgae technology in WRRF schemes is still lacking, mainly due to: i) the difficulty to reach and maintain steady 
state (due to variable conditions and the proliferation of competing organisms); ii) poor monitoring and automation 
which usually entails high operating costs; iii) scarce information related to the removal emerging pollutants 
(pharmaceuticals, endocrine disruptors, microplastics, metals); iv) legal, political and social barriers in the application 
of CE; v) lack of information in terms of possible risks in the use of reclaimed water and nutrients in agriculture.

OBJECTIVES

MicroAlgae 4.0 aims at developing knowledge, techniques and digital tools that help to overcome the current 
drawbacks of microalgae-based wastewater treatment systems by achieving the following objectives:

• To implement microalgae cultivation technology to maximise the recovery of reclaimed water, nutrients, 
and energy from urban wastewater in a WRRF scheme.

• To assess and manage the developed microalgae-based WRRF scheme to ensure the economic and envi-
ronmental feasibility and the safety in a Circular Economy approach.

• To simulate, model and develop ICA systems for the microalgae cultivation system evaluated to improve 
the reliability and feasibility of the microalgae cultivation system.

By achieving these objectives, it is expected that:

i)  The reliability and stability of the microalgae cultivation process improve, since outdoor cultivation 
systems are rarely continuously operated in the long term (time scale of years).

ii)  The development of digital tools for microalgae-based systems help to maximise resource recovery. 
This is a promising and scarcely developed topic in this kind of systems.

iii)  Data and information concerning safe water reuse from microalgae-based systems is increased. Most 
of microalgae systems studied so far focus on the recovery of the microalgae biomass, but scarce 
information can be found about water reuse and nutrient management.
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PRELIMINARY STUDIES

Microalgae cultures are able to treat different wastewater streams inside the WRRF scheme, each stream having 
different characteristics: i) primary effluent coming from the primary settler (or other separation system); ii) 
secondary effluent from the clarifier once most of the biodegradable organic matter (and sometimes ammonium) 
are oxidised; iii) the centrate; i.e. the liquid waste obtained from concentrating anaerobic digested sludge (Acién et 
al., 2016). Depending on the wastewater stream, the configuration of the treatment system will be different. Plenty 
of authors have tested microalgae- based systems fed by different streams, but from the best of our knowledge, 
none of them have done a comprehensive study to assess which stream (or combination of streams) is the most 
suitable to maximise the feasibility of the process.

Consequently, the Preliminary studies to be developed in MicroAlgae 4.0 are related to:

• Lab-scale experiments to compare the growth rate and productivities of microalgae under different was-
tewater media, simulating different WRRF configurations (Figure 2).

• From the results obtained in the lab experiments and in literature, simulation of the different WRRF sche-
mes and comparison of costs and impacts with the conventional treatment system based on activated 
sludge.

Figure 2. Configurations of microalgae-based treatment schemes depending on the wastewater stream used: a) primary effluent; 
b) secondary effluent; c) centrate.
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