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Abstract

Dehydrated sludge and depleted activated carbon are two inert wastes
generated in drinking water treatment stations (ETAPs) that use water
collected from surface sources. These residues have usually been dispo-
sed of in landfills or applied over agricultural soils. Moreover, dehydra-
ted sludge has successfully used a phosphorus adsorbent substrate in
artificial wetlands in recent decades; however, depleted activated carbon
advantages as adsorbent material for emerging organic pollutants are a
less studied topic. In the present study, the potential of both materials
mixture for the tertiary treatment and refining of urban wastewater from
small towns is evaluated.
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VALORIZATION OF EXHAUSTED ACTIVATED CARBON AND ALUM SLUDGE FROM DRINKING WATER
TREATMENT PLANTS AS REACTIVE SUBSTRATE IN TREATMENT WETLANDS

INTRODUCTION

Dehydrated sludge and depleted activated carbon are two inert wastes generated in the
purification process of water captured from surface sources. The dehydrated sludge along with
sludge from urban wastewater treatment plants (WWTP), previously treated, is usually mana-
ged as an agricultural enhancement whereas the depleted activated carbon is disposed of in
inert landfills. In order to take advantage of the adsorbent capacity of this sludge mixture, seve-
ral studies have been carried out at the IIAMA of the UPV using dehydrated sludge as an active
substrate in artificial subsurface flow wetlands since 2016. Once the material is dehydrated, it is
crushed into small gravels (about 0.1-0.5 cm) that are used as a substrate; the very fine remnant
fraction is disposed of in a landfill. Outcomes from pilot plant scale wetlands are currently being
positive in terms of phosphorus and nitrogen removal when these wetlands are used as refining
treatments for WWTP effluents after secondary or tertiary treatment (Oliver et al. 2021).

The term depleted granular activated carbon is relative since its disposal to landfill does not
take place when it is completely exhausted. However, it is economically more profitable to buy
new material instead of regenerating the current one. This is because, after each regeneration
cycle, adsorbent properties are lost, so there comes a time when the cost of regeneration no
longer compensates for the acquisition of new material. It has been proven that this exhausted
carbon is capable of adsorbing organic compounds (Lujan-Facundo et al. 2019), but its ability to
retain phosphorus is very limited according to previous work carried out by the working group.

The hypothesis of the present study is that the properties of the mixture of both granular
activated carbon and dehydrated sludge can simultaneously eliminate nutrients and persistent
organic compounds such as pesticides and emerging pollutants more efficiently when compa-
ring both materials separately.

The final objective, to achieve an efficient mixture of both wastes, has a very important se-
condary objective: the use of the pulverulent residue from the crushed dehydrated sludge, in
order to be able to put this residue to use and that it does not have to be managed by landfill
disposal.

In this study, the concept of “efficient mixing” is closely related to the permeability of the re-
sulting material. This permeability is key when establishing the surface hydraulic load that will
be able to be introduced. Activated carbon has a very high permeability, as it is a classic filter
material in the field of water, but dehydrated sludge dust has a very low permeability. Hence the
objective of obtaining a mixture that allows treating a significant flow rate and taking advanta-

ge of the adsorbent capacities of both materials.

METHODS

Preliminary tests were carried out on a glass column, with a diameter of 4 cm and a length of

12.5 cm, placing a mesh and a layer of gravel 4 mm in size at the bottom of the column, to avoid
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the loss of material. On top of the gravel layer, a 12.5 cm layer of various material mixtures was
introduced: fine dehydrated sludge (5, 10, 15, 20, 30 and 40%), produced in milling and which is
currently considered rejection and spent activated carbon (95, 90, 85, 80, 70 and 60% respecti-
vely). To evaluate the infiltration rate, 20 ml and 50 ml of distilled water were introduced, and the
time was determined in which the water percolates. Once the time and percolated volume were
determined, the infiltration rate was determined.

From the last two mixtures, the hydraulic conductivity was determined according to the me-
thod of Gabriels et al. (2011). Subsequently, the mixture that provided the best relationship be-
tween the proportion of dehydrated sludge and the hydraulic conductivity was selected. With
the selected mixture, a larger column (59 mm internal diameter) was assembled. In this, 2 cm of
gravel was placed in the bottom and then 35 cm of the selected mixture.

The column was fed for eight weeks with partially treated wastewater from the secondary
treatment of the Carricola WWTP, a small municipality (100 hectares) in the province of Valencia,
whose WWTP is based on artificial wetlands. Different hydraulic retention times (HRT) were tes-
ted (0.5, 1, 21 and 63 hours). The following variables were analyzed: ammonium, nitrites, nitrates,
phosphates and turbidity. Specifically, COD measurements were carried out to compare the
performance of the elimination of organic compounds with a column whose packing is granu-

lated dehydrated sludge.

RESULTS AND DISCUSSION

The results show how as the proportion of fine dehydrated sludge increases, the permeability
of the filter pack decreases (Figure 1). The hydraulic conductivity was determined for the mixtu-
res with the highest proportion of fine dehydrated sludge, 30 and 40%, resulting in 15.3 and 5.5
m / d respectively. The values obtained for the two different percentages of mixtures are within
the range established by Kadlec & Wallace (2008) that oscillates between 6-36 m / d, for particles
of 0.5 and 3 mm. Finally, the mixture was selected with 30% fine dehydrated sludge and 70%
depleted activated carbon, to ensure a greater durability of the filling material and to enable
operation at high hydraulic loads.

One of the purposes is to be able to use the fill in refined artificial wetlands for which large

areas are not required.
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Figure 1. Infiltrationratesofthedifferent mixtures tested.

The phosphorus results show a high reduction in the concentration of this nutrient (Figure 2),
with an average removal efficiency of 99%. To be able to reduce the phosphorus concentration
in rural populations through artificial wetlands with reactive substrate is very advantageous
due to its simplicity of operation and especially beneficial in those places where the receiving
medium is a watercourse with low dilution capacity and, therefore, sensitive to eutrophication.
Regarding the influence of TRH, a clear behavior is not observed. It should be mentioned that
the samples were in the vicinity of the detection limit of the analysis method and therefore the

observed variations can be considered insignificant.
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Figure2. Phosphateconcentration (mg P /1) in theinfluent (main axis) and effluent (secondary

axis) ofthecolumn.
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In addition, the ammonium concentration was also significantly reduced, which also trans-
lates into a clear benefit for the receiving environment. On average, the efficiency was 76%, the
concentration decreased from 21to 5 mg N /| during the first four weeks, and from 45 to 12 mg
N /1in the rest of the period.

Finally, a comparison was made in the elimination of COD with another column whose filling
was granulated dehydrated sludge (0.83-2.38 mm). The results show that the column packed
with a mixture of fine dehydrated sludge and depleted activated carbon reduced the COD to a
greater extent, with efficiencies higher than 70% (average of 74%), while the column with gra-
nulated dehydrated sludge provided an average reduction efficiency of 42%. Another aspect to
highlight is that in the column with mixture, no significant differences were observed for the
different HRTs, possibly because much of the reduction was due to the adsorption process. In
contrast, the dehydrated sludge column did present a COD removal efficiency more dependent
on TRH because in this the mechanism of elimination of organic matter is biological degrada-

tion and, as it is water from a secondary treatment the organic matter present in it was slowly

biodegradable.
Mixture sludge + exhausted activated carbon
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S CMRTo0sh S0 [ CHRT=05h
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Figura 3. Comparison in thereductionoforganicmatterbythecolumnwith a mixture of fine
dehydratedsludge and exhaustedactivatedcarbon and bythegranulateddehydrated alumsiu-
dgecolumn.

CONCLUSIONS

The use of two residues frommn DWTP, dehydrated sludge and spent activated carbon, as reac-
tive substrates for constructed wetlands has multiple environmental benefits. On the one hand,
it contributes to making a more sustainable use of natural resources because by taking advan-
tage of the waste, the useful life of the coagulant and activated carbon used in the ETAP is being
extended and it also translates into better management of the waste generated there. With this
use, the principles of the circular economy are incorporated into the urban water cycle. On the
other hand, the use of this type of substrates in a combined way allows to significantly improve
the quality of the treated water, reducing both the concentration of nutrients and organic mat-
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ter. In this way, a high-quality effluent is generated whose impact on the receiving environment
will be significantly less, especially suitable in small towns.
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13 YEARS OF OPERATION OF A TWO-
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Abstract

This paper analyses the performance during 13 years of a vertical flow
constructed wetland.The system is composed of two units that intend to
unite the two stages of the French vertical flow constructed wetlands into
one single stage, inserting an intermediate passive ventilation system
that allows aeration of the filtering layers. After 13 years of operation, the
bi-filter shows excellent robustness and stability, achieving BOD and TSS
removal efficiencies of around 96% and COD of 92%. Likewise, it shows

ammonium removal rates of 90%, demonstrating excellent nitrification.
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INTRODUCTION

Various configurations of constructed wetlands (CW) can be found with different forms of
feeding and management. Among these systems we find vertical flow CW, where aerobic con-
ditions within the wetland are sought that favour nitrification, feeding them intermittently and
through the use of helophytes (emergent hydrophytic plants). On the other hand, these systems
generally need a previous primary treatment that removes a good part of the suspended solids
to avoid the clogging of the bed.

In France, a particular configuration of constructed wetlands has been developed to treat
wastewater in small communities, which has proven to be very successful. Most of them are
composed of two stages of constructed wetlands of vertical flow in series, with three units in
parallel in the first stage and two in the second, with successive feeding periods (3.5 days) and
rest periods of 7 days. in the first stage and 3.5 days in the second, to maintain permeability, ox-
ygen content and control of microbial biomass growth (Molleet al., 2005, Morvannouet al., 2015,
Rizzo et al.,, 2020). The special feature of this system is that it accepts raw sewage directly onto
the first stage allowing for easier sludge management in comparison to dealing with primary
sludge from an Imhoff settling / digesting tank (Molle et al., 2005). Due to their design and mode
of operation, French Vertical Flow Constructed Wetlands (VFCWs) accumulatesuspended solids
from the inflow wastewater in the form of a sludge layer at the surface of the first filter (Kania
et al.,, 2019).

In 2007, a vertical flow treatment wetland (HumArt Bi-Filtre) was built by the company Op-
timiaMedio Ambiente S.L. and put into operation in the experimental wastewater treatment
plant (WWTP) of the Centre for New Water Technologies Foundation (CENTA) in Carrién de los
Céspedes (Seville).After a period of 13 years, an analysis of the performance has been carried out.

METHODS

The system is an adaptation of the French system and is designed to treat wastewater from
a population of 35 P.E. and a maximum flow of 8.7 m3 d". It is installed in 2 equal tanks of 5m in
diameter (20 m? of surface) and 1.7 m in height each. Each of the units is made up of two over-
lapped vertical percolation stages, managing to share the two purification stages in the same
surface space.The composition of these stages from top to bottom is: 1) First Stage (primary
treatment): 60 cm of gravel substrate 2-6 mm, 15 cm of gravel substrate 15-25 mm and 30 cm of
gravel substrate 30-60 mm; 2) Second Stage (secondary treatment): 30 cm of sand substrate 0-2
mm; 10 cm of 2-6 mm gravel substrate and 30 cm of 15-20 mm gravel substrate where the bot-
tom drainage pipe network is inserted. To provide ventilation to first stage, a passive ventilation
device has been inserted into the gravel layer (30-60 mm), consisting of a series of connected
perforated pipes to a ventilation chamber, in such a way as to optimize the oxygen convection to
the second filter stage (Figure 1). To provide ventilation to the second stage, some vertical perfo-
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rated pipes connected to the bottom drainage system where installed. The system was planted
with Phragmites australis.

Figure 1 Schematic of the design of each unit of the system. A. Intermediate passive

ventilation system; B. Passive ventilation and bottom drainage system. 1. Feed pipe;

2. Drainage pipe; 3. Ventilation chamber.

Weekly samples of the influent and effluent have been taken for two consecutive years and,
thereafter, periodical samplings have been carried out to verify the operation of the system. The
BOD,, COD, TSS, NTK,NH4-N,NO3-N,TP and PO _-P have been analysed using standard methods
(APHA, 2002).After 13 years of operation, the sludge accumulated on the surface of the wetland
has been collected and analysed to study its mineralization.

RESULTS AND DISCUSSION

As can be deduced from the following data, the pollutant removal efficiency achieved by the
system has remained stable over time. The system was fed with wastewater from the pretreat-
ment of the experimental plant, with an average flow of 3.6 + 0.5 m?3 d". Despite the high inlet
concentrations, it showed effluents with very low concentrations of organic matter (around 10
mg L' of TSS and 53 mg L' of COD, and less of 13 mg L' of BOD,) (Table 1). The system performs
an excellent efficiency in the removal of suspended solids (96 *+ 4%) and organic matter (97 + 2%
of BOD and 92 * 5% of COD) (Figure 2).
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Regarding nutrients (Table 1), the ammonium concentration of the effluent is very low (around
5 mg L), but not so much the concentration of total nitrogen and phosphorus. These data show
that the system performs a good nitrification, eliminating 90 * 11% of the ammonium, but a low

denitrification, eliminating 43 + 25% of the total nitrogen. The system also removes 35 * 14% of
the total phosphorus (Figure 2).

Tablel. Influent and effluent concentrations of pollutants (average * SD)
during the first two years and during the period 2010-2019 of performance.

Sampling TSS

CcOoD TN NH4-N NO3-N TP PO4-P elbi
point (mg L)

(mgLY) | (mgNLY) |(mg N L)|(mg N L) (mg P L) (mg P L | O 200
2007- Influente  283:205 387119 684%226 62.7+12.7 44.2+121 3.4%47  10.5£2.0 7.6%1.9 64123
2009

Period

Efluente 10+10 <13 53+36 3924168 5+56 262+181 62t16  6.0+15
5010- Influente 286212 379167 652:246 7464268 53.5:232 131:62 87:28  63:2.4  69£3]
2019 Eflyente 158 <13 67+39  44.3+21.8 3.0#25 325t84 5207  4.7:0.8
100
80
® 60
g
o
:
@ 40
20
0
BOD5 COD NH4-N PO4-P

Figure 2. Removal of pollutants in percentage
According to Molleet al., (2005), French CW systems, if well designed, can achieve an outlet

level of 60 mg L"in COD, 15 mg L' in TSS and 8mg L' in TKN with an area of 2-2.5 m? PE". Our
VFCW shows similar performance with 1.74 m? PE™.
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Tabla2. Average organic load, population equivalents served by the system
and surface area required per population equivalent for every unit.

Organic load (g DBO,/d) Populationequivalents (PE) Surface (m2/PE)

1386 + 501 231 0.87

After 13 years of operation, the sludge accumulated on the surface of the wetlands represent-
ed a volume of 0.55 m3 in each unit. This is a very small amount of sludge if compared with the
sludge produced in a primary treatment. The sludge height was around 5 cm in the centre of
the wetland units. Four samples of the sludge in every unit were analysed in order to determine
their degree of mineralisation (Table 3). Based on an average daily SS load of 1024 g d”, and a SS
removal rate of 96%, the mass balanceof SS input on these 2 filters over 13 years can be calculat-
ed to be 4660 kg SS.Theevacuated massin the 2 filters (arounde50kg per filter, dry matter (DM)
content around 30%) is estimated to be 400 kg SS, which represents almost 10% of the SS intro-
duced by the wastewater. Thus, the mineralisation rate was 90%, much higher that the rates re-
ported in other studies (Boutin et al., 1997, Molleet al. 2005).Mineralisation of particulate organic
matter progressively reduce the organic matter content of the depositswithin the sludge layer
(Kania et al., 2019).

Table 3. Dry matter and organic matter contents in the samples
of the sludge accumulated over the wetlands.

Organic matter

Dry matter (g kg”) Average (% of dry matter) Average
288 38.2
307 34.0
1 403 317 £ 49 24.8 334163
309 29.8
280 40.3
318 328
266 42.7
2 297 294 + 23 383 38135
275 38.8
313 37.7
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CONCLUSIONS

The HumArt Bi-Filtre maintains a stable performance after 13 years of operation. This type
of vertical flow constructed wetland achieves very high removal rates for suspended solids, or-
ganic matter and ammonia, complying the discharge requirements of the Directive 91/271/CEE,
relative to the quality of urban wastewater with a single treatment stage. The area required for
this is less than that required by the French two-stage constructed wetland system.One of the
advantages of this system is the management of a minimal amount of sludge that itrequires.
CENTA acknowledgetothe company OptimiaMedio Ambiente S.L. for the installation of the CW
in the experimental plant.
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Abstract

In the frame of Challenges defined by the Spanish Strategy of Science,
Technology and Innovation, in particular to the Challenge entitled
“Action for Climate Change and efficiency in use of resources and raw
materials”, R&D&i related to efficiency in use of resources and raw
materials and the integrated management and sustainable use of water
resources in rural areas, is a priority. In this context, Vegetation Filters
(VFs) can be a sustainable solution to treat wastewater and to recover
resources such as water, nutrients and biomass from small municipalities
and isolated dwellings. The objective of the present work is to evaluate
the treatment capacity of a Nature based Solution (NbS) such as VF
to remove contaminants (organic matter, nutrients, and pathogen
microorganisms) from a high organic load wastewater and contribute to
reduce the surface requirements for the implementation of this solution
and to improve further the contaminants attenuation by the evaluation
of two sustainable soils amendments, woodchips from pruning remains
and biochar.

" Foundation Center of New Water Technologies, Spain, imartin@centa.es, kfahd@centa.es; jjsalas@centa.es
2 IMDEA Water Institute Spain, virtudes.martinez@imdea.org; raffaella.meffe@indea.org
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INNOVATION IN VEGETATION FILTERS FOR WASTEWATER TREATMENT AND RESOURCE RECOVERY

INTRODUCTION

In Spain, morethan 2.7 million people livein municipalitieswith lessthan 2000 inhabitants. The technical
and economic limitations of small and scattered populations compose the effective implementation of
conventional wastewater treatments. Non-conventional treatments such as nature-based wastewater
purification systems have been reported as feasible solutions forthese communities, which have limited
access to sewage networks (Ortega et al., 2011). The main advantages of these treatments are their low
cost for implementation, limited energy use and reduced operation andmaintenance requirements.

Vegetation Filters (VFs), as a part of Land Application Systems, are Nature based Solutions (NbS)
that take advantage of the natural treatment mechanisms to remove wastewater contaminants.
The wastewater is applied to irrigate forestry (mostly poplars and willows) that can be used mainly
for biomass production. Physical filtration, sorption onto soil, biodegradation and plant uptake
are the main processes responsible of the contaminant attenuation through the subsurface. The
efficiency of VFs to remove traditional wastewater-originated contaminants has already been
reported (de Miguel et al., 2014; Martinez et al., 2018). However to our knowledge, their capacity to
attenuate microparasites/pathogen (E. coli, intestinal helmints eggs) has not yet been evaluated.

The present study, in the frame of the FILVER+ project (Spanish Ministry of Economy and
Competitiveness) reports the results of a 4 years of contaminants monitoring (organic matter,
nutrients, and pathogen microorganisms) carried out using a poplar VF for the treatment of
wastewater originating from an office building, as well as the results from the evaluation of the
capacity of two sustainable soils amendments, woodchips from pruning remains and biochar to
improve further the contaminants studied attenuation.

METHODS

Study site description

The study site is located in South-East of Spain at the R&D&I Centre of Carrién de los Céspedes
(Seville). The system is based on short-rotation coppice of poplars (Populus alba) with a high
plantation density (10,000 plants/ha). The poplars were planted in March 2011 from unrooted
hardwood cuttings and since then they have been harvested every 3 years. During the period of
study the VF has treated a wastewater effluent from an office building that produce an average
volume of 0.21 m3/day, primarily treated in an Imhoff tank of 2.5 m? capacity.

The Imhoff tank effluent (ITE) was applied according to its production-depending on daily
sanitary discharges- in free flow furrows (Fig.la). Irrigation lines were grouped into five blocks.
The irrigation schedule was designed to apply effluent to each block once per week (5 working
days per week). The quality of the infiltrated water was monitored with a Gee Passive Capillary
Lysimeter (@ = 24.5 cm) (Decagon Devices, Pullman, Washington, USA) that collected water from
the upper 90 cm of the vadose zone (Fig. 1b). Groundwater was monitored approximately every

two months in a down-gradient piezometer (filter screen depth: 10 m) (Fig. Ic).
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Figure 1. a) VF scheme; b) lysimeter; and c) real image

of the VF with the piezometer in the foreground

Infiltration experiments

To identify which amendment will improve the attenuation of contaminants during vadose
zone infiltration at the VF, three unsaturated infiltration-column experiments at laboratory scale
were performed. The systems contain natural soil, natural soil amended with 3% w/w of woodchips
from poplar pruning remains and natural soil amended with 3% w/w of biochar. (Figure 2).

Figure 2. Details of the unsatured-infiltration colums, woodchips

from pruning remains and biochar

Target compounds

To evaluate the contaminants removal, both at pilot (VF) and laboratory scale (sustainable
soils amendments, woodchips and biochar), the compounds studied are the related to the
organic matter (BOD,, COD), nutrients (N and P) and microparasites/pathogens included in

the Spanish regulation for water reuse (RD 1620/2007, i.g. E. coli and intestinal helminths eggs,
specifically Ascaris sp.).
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RESULTS

The results obtained from the pilot-scale monitoring of the pollutants under study, mainly
organic matter, total nitrogen and E. coli, indicate that there are significant differences between
the residual water and the infiltration and underground water; resulting in significantly lower
mean concentrations in infiltration and groundwater. The high removal rates show the role of
the soil in the unsaturated zone during infiltration into groundwater, as well as its capacity as a
natural reclamation technology for the recharge of aquifers by percolation through the ground.

The results obtained from the evaluation of the amendments (poplar wood chips and
biochar) by means of infiltration tests in columns under unsaturated conditions, have allowed to
determine that biochar is the amendment that presents the best elimination results at the level
of suspended solids, COD, E. coli and eggs of Ascaris sp. On the other hand, chips have turned
out to be the amendment that shows the best performance removal at the nutrient level (total

nitrogen, ammonia nitrogen, nitrates, total phosphorus and phosphates).

CONCLUSIONS

The study shows that the first 90 cm of soil are the most effective for the attenuation of some
pollutants as organic matter, total nitrogen and pathogens as E. coli. Also, the results obtained in
the project invite us to incorporate woodchips from pruning remains and biochar as sustainable
soil amendments and potential treatment improvement.

In this sense, Vegetation Filters can be considered, in addition to highly effective natural
systems in the purification and reclamation of wastewater, a clear example of a circular economy;

providing highly valuable inputs for the sustainable development of small agglomerations.
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EXTENSIVE WWTP PROJECT WITH
FLOATING WETLANDS WITH HELOPHITE
SIEVES

Location: LORA DE ESTEPA
Promoted by: SUPRAMUNICIPAL PUBLIC SERVICES AREA of the SEVILLE COUNCIL.
LORA DE ESTEPA CITY COUNCIL.
Projected: MARTINEZ CASTILLA Ramodn Ignacio (Civil Engineer).
Modeled: CARBONELL ESPIN. Francisco Javier (Agricultural Engineer).

1. OBJECTIVE:

Define, design, and calculate the works necessary for the construction of a new urban WWTP
with the premise of maximum energy savings during the operation
After studying various possible extensive treatment technologies (vertical flow, horizontal flow
and floating subsurface with helophyte sieves), the design of an artificial wetland using floating
helophyte sieves was chosen due to its lower investment cost as it does not use a granular bed
support (which would imply a higher initial investment and the possibility of clogging the sys-

tem in the short term).
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2. STARTING DATA:

Sizing is based on the following data.
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3. TREATMENT LINE:

The treatment line studied is the following:
- Inflow from the urban center.
- A pre-treatment, which includes:
- Roughing.
- De-sanding-degreasing.
- A biological treatment, which includes:
- Anaerobic pond. DTH (1 unit).
- Aerobic pond with flotation helophyte sieve. ATH (3 units).
- Refining pond with floating helophyte sieve, CTH (1 unit).
- Outlet water chlorination.
- Discharge pipeline.

The purification process through the floating wetland using helophyte sieves is as follows:
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Correct pre-treatment, maintenance, and operation of the WWTP are essential for the cor-
rect running of the entire process.

The adopted solution involves less electromechanical equipment, which facilitates the opera-
tion of the plant and minimizes the operating costs, making it the most economical and rational

solution for this type of facilities.

1st PRE-TREATMENT

The pre-treatment consists of a prefilter well equipped with a clamshell grab. A general by-
-pass chamber for the plant will be built adjacent to this enclosure. A weir screen will be ins-
talled in the wall adjacent to the two enclosures. An ultrasonic meter will be installed on the
spillway in order to measure the possible flow of water discharged by the by-pass.

In the wall adjacent to both enclosures, a manual grating with a 15 mm clearance will be ins-
talled. The width of the roughing channel adopted is 0.4 meters, and a manual inclined grating
with a 1.5 mm pitch will be installed in it.

The channel is delimited by two manual channel penstocks sluice gates valves measuring 0.4
x 0.5 meters each. In this way, by closing both penstocks, the channel can be isolated if necessary.

The discharge will then flow into the grit-degreasing area, which consists of an initial area
0.64 meters wide and 3 meters long, which has the function of gritting.

Sand and / or decantable solids will settle to the bottom of the channel. From that pit, with

the periodicity deemed convenient and / or necessary, the solids will be manually extracted.
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After the de-sanding process, the water will continue its course in an adjoining pit, which
contains two chambers separated by an intermediate wall. This intermediate wall does not rea-
ch the bottom of the chamber so that the grease and floats are retained in the first chamber of
the pit, and the water will follow a downward flow, circulating under the intermediate wall, and
passing into the second chamber which is now free of grease.

Through buried pipe we will direct the discharge to the first stage of the secondary process.

2nd BIOLOGICAL TREATMENT

The first stage of the biological treatment consists of a DTH-type pond measuring 17.90 x
17.90m in plan, and 4 meters of useful depth, where the anaerobic stage of the treatment takes
place.

Thanks to the depth of this pond, the chemical / biological processes of influent nitrification
and anaerobic fermentation and sludge digestion can take place in it.

The surface of the pond is equipped with a vegetable sieve, with the function of mitigating
the emission of odors and avoiding the proliferation of algae (which negatively influence the

anaerobic processes that must take place in the pond)

The density of these plants is less than the water, so they float, but a structure is necessary
to allow the plants to spread evenly over the surface of the pond. It is also essential to keep the
aerial part upright and out of contact with water, which is essential for the survival of the plant.

This double function is fulfilled by a structure that will be installed on the surface of the
pond'’s water, consisting of a polypropylene piece that allows assembly with others, forming a
flat macro-structure that has alveoli where the root balls of the plants can be inserted.

The complexity lies in achieving good buoyancy, so that the macro-structure formed is resis-
tant and at the same time flexible enough to withstand the movements of water, wind and the
stresses that are generated when the plants grow.

To fulfill all the intended functions of the macro-structure, it will be equipped with expanders

to increase buoyancy, and hinge-type joints that will give it flexibility.
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The slopes of the pond are 3H: 2V and the buffer zone will be 0.3 meters. Once the excavation
is done, a 15 cm layer of selected soil will be spread and compacted at the bottom of the pond. A
geotextile sheet and a HDPE sheet will then be installed.

The bottom will have a 1% slope so that, at the lowest point, we will place the sludge outlet /
drain pipe.

For the inlet water conduction, a pipe is foreseen, which will ramify into several, for a better
distribution and homogeneity of the inlet discharge into the pond.
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As regards the outlet of the discharge from the pond, a collection channel will be installed
with a Thomson weir.

The treated discharge of this pond will be piped to the next element of the installation, which
is the water distribution chamber to the 3 aerobic ATH ponds.

Finally, the floating polypropylene structure will be assembled, inserting the plants in the
holes provided for that purpose, at a ratio of 14 plants / m2.

The anaerobic sludge generated will be deposited at the bottom of the pond, and it will be
necessary to remove it from time to time (it is expected that every 3.5 years will have to be re-
moved from this pond about 53.7 m3 of sludge, the first removal being after 7 years). A chamber
with a set of two gate valves has been foreseen to either direct the sludge through a pipe to a
second chamber from which the tank truck with a pump will suck the sludge when appropriate,
or, with the second valve, to be able to empty the pond in case of need for maintenance.

The second stage of the process is the aerobic stage. Once the anaerobic stage has been
completed, the discharge will be piped underground to a distribution chamber

The function of this chamber is to be able to distribute the water effectively and equally to the
three ponds that comprise this aerobic phase of the process.

Entering a first chamber that is connected through weirs to three contiguous chambers,
each of which is connected with one of the three aerobic ponds of this phase.

Given that the distances between the three ponds and the distribution chamber are not
equal, a 0.3 x 0.3 meter deep manual adjustable penstock sluice gate valve has been provided in
each distribution chamber so that, during the start-up phase, it is possible to regulate the flow
in such a way that the three ponds treat the same flow. These valves can also be used to isolate
any of the ponds if required for maintenance work.

Each of the three measures approximately 14.25 x 42.75 meter. The useful depth will be 1.5
meters.

In these ponds the phenomenon of denitrification and the biological removal of part of phos-
phorus from the influent water occurs.

A plant sieve and a macro-structure, both with identical characteristics to those described in
the previous phase, complete the equipment of the ponds.

This second phase is the aerobic stage, where the plant sieve transfers the oxygen captured
by the aerial part of the plants to their roots, and from these the oxygen is transferred to the
aquatic environment creating the necessary support for development of aerobic bacteria.

These bacteria degrade organic matter, by having sufficient oxygen, serving as nutrients to
the plants themselves.

Therefore, the process is natural, sustainable and without energy expenditure.

At the end of each of the ponds, the clarified water is collected in a channel arranged at the
end of the pond, which is led to a common pit from which it passes to the next phase of the
process.
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The third stage of the process is the refining raft.

Once the aerobic stage is completed, the discharge will be conducted to an inlet chamber to
the CTH-type pond.

The function of this chamber is to unify the discharges from the three previous ponds, in such
a way that the water from each aerobic pond enters to a pit with weirs, which connects with a
common chamber with a penstock from which the single conduit leaves towards the refining
pond.

In this pond, the water level is only 0.5 m, so the water is forced to pass through the sieve that
forms the radicle of the plants, avoiding any possibility of a short circuit or preferential flow.

In the next chamber of the process, two submersible pumps will be installed (one standby
pump) that will allow the recirculation of sludge or the emptying of one of the ponds at the head
of the WWTP.

All necessary networks for the operation of the WWTP have also been arranged in the facility:

water, sludge, rainwater, irrigation, control and observation, power and lighting.

gy IHE M i

4. SIZING OF THE FLOATING WETLAND WITH

A HELOPHYTE SIEVE:

The sizing model has been developed by Quarq Enterprise SA with the GEMMA group, wi-
thin the framework of the Biotechnology Research Project for the treatment of urban was-

tewater through phytodepuration.
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The piston flow model with dispersion including a first-order reactive term under open-
-open conditions has been experimentally determined as a theoretical model closest to the
real operating conditions.

Therefore, the analytical solution used is the equation proposed by Wehner and Wilhelm.

daexp( :
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Dénde:
- C,es laconcentracion de DBO a la entrada

— C es la concentracién de DBO a la salida
— 9@ es el nUmero de dispersidn dependiente de la relacién de forma del sistema y obtenido

experimentalmente
a=(1+4kD)*

Where:

- C, is the concentration of BOD at the inlet

— Cis the BOD concentration at the outlet

— @ is the experimentally derived dispersion number depending on the shape ratio of the

system
a = (1+ 4krD)>’

Dénde:
-t es el tiempo de retencidén hidraulico del sistema dependiente del volumen de la balsa y

del caudal del efluente
- K es la constante cinética de primer orden para remocién de DBO en sistemas de helofitas

- ky = l":u(g)”

20°) 1te de la temperatura de forma que:

Where:

-t is the hydraulic retention time of the system depending on the volume of the basin and
the effluent flow

- Kis the first order kinetic constant for BOD removal in floating helophyte systems, tempe-

rature dependent as follows:
. (T-20°)
AI - 1‘211(9)

Where:
- T is the average water temperature of the coldest month in °C
- K20 is the first order kinetic constant for BOD removal in floating helophyte systems at

20°C, obtained experimentally for floating helophyte systems and corrected by application of
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the sizing model to real operating floating helophyte WWTP data. This constant has been em-
pirically calculated by Quarq Enterprise for each depth of floating helophytes pond
— ©= (empirically validated constant)

The project complies with the requirements of the State General Contracting Regulations
and covers a complete work that can be handed over for general use, ensuring compliance
with the current regulations at the time of drafting the project.
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Resumen

Constructed wetlands are suitable systems for the treatment of urban
wastewater, and are capable of generating good water treatment results,
especially for small communities. In this sense, this study focused on the
removal efficiency evaluation of contaminants from a synthetic urban
wastewater using a subsurface flow artificial wetland system with the
macrophyte Schoenoplectuscalifornicus (HA), comparing it with a con-
trol system without macrophytes (HC) under different hydraulic retention
times (HRT =7, 5 and 2.4 d). Various physical and chemical parameters of
wastewater were evaluated such as COD, ammonia nitrogen, orthophos-
phates and solids. Both systems presented results that demonstrate their
ability to remove COD. Thus, the HA system was the one that presented
the best results with average removal efficiencies of 79 * 14% with an
HRT of 7 d. On the other hand, the orthophosphates removal was sig-
nificantly higher in HA where the highest average values (83 * 11) were
also registered with an HRT of 7 d. Similarly, nitrogen removal remained
at an average of 59 = 22% in HA, representing a significantly better per-
formance than that observed in HC, which suggests that the presence of
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macrophyte greatly promotes the elimination of this nutrient. Finally, the
removal of total suspended solids (TSS) in HA remained on average above
80% while HC remained below 30%, demonstrating that the presence of
macrophyte roots contributes to wastewater solids filtration.

INTRODUCTION

Wastewater treatment in Paraguay is a pending task since only 11% of the population has
sewage collection system, and only 2% of the collected wastewater is effectively treated through
a primary or secondary system (Ministerio de Obras Publicas y Comunicaciones - MOPC, 2018).
Most of the population has improved sanitation systems, which consist mainly of septic tank
coupled to an infiltration well. These systems currently constitutea great threat to underground
water sources, which supplies more than 50% of the country’s population. This have been evi-
denced in studies carried out by Arrabal &Alvarez (2017), who showed that high levels of under-
ground water contamination could be detected by nitrates. In this sense, it is necessary to look
for low-cost and easy-to-operate alternative systems, for their implementation in communities
where conventional wastewater treatment plants cannot be accessed due to their high cost.
Therefore, the use of artificial wetlands emerges as alternative systems that can be considered
as a good option over conventional systems (Serrano & Corzo Hernandez, 2008). Several studies
on constructed wetlands have demonstrated their efficiency and robustness for the purification
of urban wastewater and in some cases industrial wastewater (Vymazal, 2014). Therefore, this
work focused on the evaluation of the performance of an artificial wetland with the macrophyte
Schoenoplectuscalifornicus for the treatment of urban wastewater under different hydraulic
retention times, comparing it with a control system without vegetation.

METHODOLOGY

Pilot system operation

The ponds were built in fiberglass with the following dimensions: 1.2 m long, 0.8 m wide and
0.45 m deep. Gravel of ¥ inch was used as substrate, with a depth of approximately 30 cm.
The control system (HC) was filled with substrate only. On the other hand, in the vegetat-
ed system (HA), in addition to the substrate, individuals of Schoenoplectuscalifornicus were
planted sito an approximate distance of 30 cm, the plants were collected from a wetland in
a city near the installation site of the pilot systems (Figure 1). After acclimatization of 45 days,
the systems were operated at constant flow rate with horizontal subsurface flow for a peri-
od of 125 days, in which they worked under 3 different theoretical hydraulic retention times
(HRT) (7 d, 5 d and 2.4 d) to evaluate the effect of the load on the performance of the system
with vegetation and without vegetation.
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Figure 1. Set and started up of the pilot scale wetlands HAy HC

Synthetic wastewater and physico-chemical parameters

In view of the current sanitary conditions, we worked with a synthetic wastewater with char-
acteristics similar to urban wastewater, whose components were previously reported (Chuang
et al.,, 1998). The characteristics of the influent wastewater can be seen in Table 1. The systems’
performance was evaluated based on the weekly measurement of chemical oxygen demand
(COD), total suspended solids (TSS), orthophosphates, ammonia nitrogen, dissolved oxygen, and
pH of the influent and effluent. All parameters were analyzed following standardized methods
(APHA 2005). Based on the results, the removal efficiency (%) and the removal capacity (g/m2.d)
of the systems were calculated. In order to identify significant differences between the systems,
under the three HRTs, the results of pollutant removal efficiency observed in the systems were
analyzed through an ANOVA, and pair comparison by Tukey’s post-hoc test. To do this, Shap-
iro-Wilk tests were carried out to establish the normality of the data. In cases where normality
was not evidenced, the non-parametric Kruskal-Wallis ANOVA was performed. In all cases, a
significance level of 0.05 was considered.

Table 1. Synthetic wastewater characteristics

Concentration (mg/L)

COD 209,9 £ 113,5
Orthophosphate 3919
Ammonia N 206 +73
TSS 70 £ 39,6
pH 7+09
Temperature 22,7 +3
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RESULTS AND DISCUSSION

The evolution of the COD removal efficiency of both systems is presented in Figure 2, where
it can be seen that the highest efficiency values were obtained with an HRT of 7 d with perfor-
mances of 79 * 14% for HA and 55 * 25 % for HC. These performances resulted in elimination
capacity of 6 + 2 and 4 * 2 g/m2d, for HA and HC, respectively (Table 2). With the HRT reduction
to 5d, no substantial changes in removal performance were observed due to the high variability
of the data, however, the observed removal efficiency in HA decreased to values of 60 * 23%.
Finally, the results observed in the TRH of 2.4 d showed elimination efficiency levels of 48 * 23
and 41 + 29% for HA and HC, respectively. These differences were not significant (p> 0.05) due to
the high variability of the data (Table 2). However, the removal capacity of the systems increased
with the decrease in HRT due to the higher load supplied to the system. In a study conducted
by llyas and Masih (2017), COD removal efficiency values (69-88%) similar to those observed in
this study were reported. On the other hand, another study has reported removal efficiencies of
between 83 and 92% with removal capacity of 14 to 16 g/m2.d for systems of similar dimensions
to the one operated in this investigation (approximately 242 L) and low a theoretical HRT of 6 d,
the macrophytes used were Cyperus ligularis and Echinochloacolonum (Charris & Caselles-Os-
orio, 2016).

HRT=7d HRT=5d HRT=2,4d
TRH= 7 d TRH= 5 d TRH= 2,4 d T e
. P 100 \ )

meentration (mgL)
al Efficiency (%)

COD Concentration (nig/]

Remov

COD Co

Figure 2. Temporal variation of inlet and outlet COD concentrations
and the removal efficiency of both HA (a) and HC (b) systems.

Orthophosphate removal was significantly higher (p <0.05) in HA with a HRT of 7 d where an
average of 83 * 11% was reported, however, this was decreasing and remained close to 50% in
both HRT subsequently evaluated (Table 2). On the other hand, the removal of orthophosphates
in the HC remained on average below 50% in most of the analysis period regardless of the HRT,
which demonstrates the effect of vegetation on a better performance of the system ammonia
nitrogen removal.

Similarly, ammonia nitrogen removal in HA (59 * 22%) remained well above that observed
in HC (12 + 17%) for the HRT of 5 d. While, with aHRT of 2.4 d, both systems demonstrated a low
removal efficiency of 10 £ 22 and 9 * 15% for HA and HC respectively. The greater performance
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observed in the vegetated system may be due to the very presence of macrophytes that pro-
mote the growth of aerobic microorganisms which carried out the oxidation of ammonium
by nitrification, converting it to nitrite and nitrate, or by assimilation of the plants. The study
conducted by Charris and Caselles-Osorio (2016) under similar conditions, showed ammonia
nitrogen removal efficiencies of 49 to 61%. On the other hand, more favorable results of ammo-
nia nitrogen removal were reported (73 - 89%) in the study developed by Romero-Aguilar and
coworkers in 2009, where a pilot subsuperficial constructed wetland with Phragmites australis
y Typha dominguensiswas operated at a 5 d HRT.

The removal of suspended solids in the vegetated system was also significantly better than
that observed in the control system (p<0,05). In the HA, the average removal remained above
80%, while in the HC the average removal efficiency remained between 2 + 5and 27 + 43% (Table
2). This indicates the high influence of macrophyte roots on the retention of solid materials that
enter the system. In fact, on several occasions it was possible to detect TSS levels of the effluent
above the concentration of the influent in the HC system, which indicates that part of the bio-

film was detached more easily in this system.

Table 2. Performance assessment results of HAy HC’

Removal efficien- HRT: 7 dias HRT: 5 dias HRT: 2,4 dias

cy and capacity of
pollutants HC HC HA HC
HA

%  79%14(a) 55%25(a) 60+23(a) 60+40(a) 48%23(a) 41%29(a)

COD a/
“ 6+2 4+2 7+6 5+4 n+7 10+8
m?2.d
% 83 +11(c) 46+16 (b) 49+ 28 (b) 8118 (a) 53+17 (b) 48 +13 (ab)
Orthophos-
phates n%/ 4 0103:004 055%002 0061004 0,014+003 0,076%0,03 0,058+ 0,03
% 77+29(b) 23+39(a) 87+13(b) 38+48(ab) 83+19 (b) 2+ 4(a)
TSS g/
m?3.d
% - - 59 + 22 (b) 12£17(@) 10£22(ab) 9zx15(a)
Ammonia-N a/
m2.d - - 0,484 +£0,19 0,109 + 0,14 0,131 = 0,31 0,085 + 0,17

*HA: Vegetated wetland, HC: system control. Results presented by means and standard deviations; the values with a
letter in common are not significantly different (p > 0,05).
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CONCLUSIONS

Constructed wetland systems are an effective and robust technology for urban wastewater
treatment. The results of elimination of organic contaminants and nutrients observed in this
study reinforce this assertion. In the same way, the performance in the removal of nutrients and
solids can be affected by the presence or not of the macrophytes, since the results have shown
that the direct or indirect action of the vegetation collaborates for the elimination of ammonia

nitrogen, orthophosphates and suspended solids from wastewater.
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Abstract

Theaim ofthiswork was to evaluate the behavior ofa modified (height, me-
dia and saturation)vertical subsurface flow treatment wetland(VSSF-TW)
system, when changes are made to the feeding / resting cycle.For this,
three experimental units of VSSF-TW of 0.6 m in height were built.The
systems were operated in two phases of three months each: a) phase Il,
each VSSF-TW operated for 5 d and resting for 10 d, using three experi-
mental units, and b) phase Ill, each VSSF-TW operated for 3.5 d and rest-
ing for 3.5 d, using two experimental units. In both experimental phases,
a bottom layer of natural zeolite was saturated. Water quality and plant
development ofSchoenoplectuscalifornicuswere evaluated. The results
showed that there is similarity in the quality of the effluent water, high-
lighting the results of solids, organic matter, ammonium and phosphate.
However, the feeding/resting cycle changes negatively affected total ni-
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trogen removal. For its part, plant growth was more positively influenced
by the operating season than by the change in the feeding / resting cycle.
Thus, the results of this work suggest that the modification of feeding /
resting cycles in modified vertical wetlands is feasible, but the elimina-

tion of total nitrogen is not improved.

INTRODUCTION

Vertical Subsurface Flow Treatment Wetlands (VSSF-TWs) with intermittent application
(most common mode of operation), have shown to be effective in removing solids (measured
as total suspended solids (TSS)) and organic matter (measured as chemical demand oxygen
(COD)), with removals between 35 and 95%, when they are used for the treatment of domestic
wastewater (Stefanakis et al., 2014). However, the removal of total nitrogen (TN) and phosphorus
is still limited, and regularly less than 60% (Lana et al., 2013). Total Nitrogen removal in VSSF-TWs
is limited by denitrification process due to lack of anoxic conditions and organic matter sources
(Sanchez et al., 2020). To overcome this limitation, the addition of an external carbon sources
or the modifications in the operation, such as variations in the feeding strategy, or the partial
saturation of the bottom have been proposed (Sdnchez et al., 2020; Silveira et al., 2015). For the
feeding strategy, characterized by the variation of daily distribution of the applied hydraulic load
(regularly between 4 and 12 pulses / day(Brix y Arias, 2005),for a single bedduring the resting pe-
riodsacross the day, the bed is recharged with O,, (bed without resting periods of days). Another
option is the use of several beds and alternate feeding of the beds (which allow resting periods
of days).Modifications in feeding / resting, is sought to improve oxygen transfer rates and to
improve the aerobic degradation of organic matter, nitrogen, and prevent the phenomenon of
clogging (Stefanakis et al., 2014).0n the other hand, the partial saturation of the bed depth of
the VSSF-TW has shown to improve the elimination of TN (Pelissariet al., 2017), and assumes that
the use of this operating strategy, in combination with the use of special media with adsorp-
tion capacity of ammonium and especially phosphorus (particularly phosphate), such as natural
zeolites (Andrés et al., 2018),could increase the capacity of elimination of these parameters in a
VSSF-TW.On the other hand, traditionally the beds of VSSF-TWs have depths that are close to
one meter in height (1.0 m) (Brix y Arias, 2005). However, it has been indicated that the main bac-
terial activity for the removal of contaminants occurs in the first 0.25 m depth of the bed (mea-
sured from top to bottom) (Arias et al., 2013). Thus, heights between 0.08 and 0.8 m have been
used and studied (Taniguchi et al., 2009), which would indicate their feasibility of modification.

Taking into account the above, the aim of this work is to evaluate the behavior of a modified
(height, media and bottom saturation) VSSF-TWs system, when changes to the feeding / resting
cycle are made. All with a view to optimizing its use and adaptation to local conditions.
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MATERIALS ANDMETHODS

1. Experimental units. Three VSSF-TWSs (understood as a treatment system) were implement-
ed in the NBS Laboratory in the city of Talca (Central Valley, Maule Region, Chile). All the
VSSF-TWs experimental units were built with PVC pipes (@: 0.2 m) with dimensions and
materials shown in Figure 1.5and (@: 0.08-5.0 mm) and Zeolite (@: 3-5 mm) were used as
filling material, and gravel (@: 5-19 mm) was used in the upper and lower part. Schoenoplec-

tuscalifornicus was used as a plant species.

Phasell: Phaselll:
T hree units of VSSF-CW Two units of VSSF-CW

/ / 7
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i " ; \:. —

Gravel (5-19mm) =

Figure 1. Schematic of the experimental setup.

Measurements in meters, except where otherwise indicated.

2. Operation and monitoring strategy. The VSSF-TWs were fed with effluent domestic waste-
water from a septic tank serving a single household of six inhabitants. The VSSF-TWs were
operated for three months prior to evaluate other design parameters (Phase |) (Vera-Puer-
to et al., 2021). After this, the operation was carried out for a period of six months. The
Hydraulic Loading Rate (HLR) applied was 0.12 m / d. This HLR represents the mean value
between 80 and 160 mm/d defined by Vera-Puerto et al. (2021) as representative for Chile.
The application of this HLR was carried out by performing 12 pulses / day (Brix and Arias,
2005; Stefanakis et al., 2014). An application strategy was defined with feeding / resting
periods of three months each, being: a) Phase Il, each VSSF-TW fed for 5 d and resting for
10 d, using three experimental units and b) Phase lIll, each VSSF-TW fedfor 3.5 d and rest-
ing for 3.5 d, using two experimental units. In both experimental phases the bottom zeolite
layer remained completely saturated. The samples to analyze the water quality were taken
every two weeks. The sampling points were: a) influent and b) effluent. Parameters evaluat-
ed include pH, Temperature (T), Electrical Conductivity (EC), Oxidation Reduction Potential
(ORP), COD, TSS, Ammonium (NH_*), Nitrate (NO,’), Total Nitrogen (TN) andPhosphate (PO_3).
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The samples were analyzed in the Water Quality Laboratory of the Universidad Catélica del
Maule. To evaluate the adaptation of the plants, growth measurements (height and num-
ber of leaves), as well as chlorophyll in the leaves, were measured weekly.

3. Analytical methodologies.pH, T, ECand ORP were measured with multiparameter field
equipmentHI 98194. For the remaining parameters, the samples were filtered (glass fiber
filter, 0.7 mm pore size). COD, NH_*, NO,, TNand PO, *were measured photometrically with
Multiparametric Photometer Hanna HI 83399 using reagent kits for reading. These deter-
minations are simplified procedures based on procedures described in APHA-AWWA-WEF
(2017). The height measurements of the plants were made using a tape measure, and the
number of leaves was carried out by manual counting. Chlorophyll was measured with
Konica Minolta SPAD-502 Plus.

RESULTS AND DISCUSSIONS

1. Performance of water quality. Table 1 shows a summary of the influent and effluent water
quality results. Regarding the influent, the values in Table 1 are consistent with that report-

ed for domestic wastewater in Chile (Vera-Puerto et al., 2021).

Table 1. Characteristics by phase of operation of influent domestic
wastewater and the effluent of the VSSF-TWs system. n=6

Effluent to VSSF-TWs System
Parameter mmmm

Unit 7.9+0.1 7.8+0.3 7.0+0.1 71+0.3
T °C 10.7+1.7 16.4+2.7 10.6+1.5 17.1+2.6
EC pS/em 1002.0+103.4 746.0+180.2 805.3+82.2 780.8+61.7
ORP mV -133.2+135.5 -272.6+66.5 +195.2+71.4 +160.8+107.1
COoD mg/L 209.1+70.7 90.3 + 44.2 74.5 +28.4 30.2+16.5
TSS mg/L 194.0+225.2 78.9+79.2 6.5+37 3.1+1.2
NH,* mg/L 56.4+6.8 34.7+18.2 3.0+3.5 0.6+0.2
NO, mg/L 4.3+1,9 3.4+0.0 86.2+79.1 50.8417.9
TN mg/L 46.1¥9.0 28.8+17.0 155 +13.6 36.7+12.9
PO, * mg/L 20.8+4.9 15.3+6.0 14.4+3.8 9.1+7.1

In the effluents, the pH remained neutral at around 7.0; the water temperature increases

more than 5 °C in Phase Ill, which is expected since thisphase wascarried out during the aus-

tral spring, where average temperatures progressively increase from 8 to 15 °C, but maximum
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temperatures were above 20 °C. The EC remains stable during the two phases of operation with
values below 1 000 uS / cm.These results indicate that there is no modification of these mac-
ro-parameters when modifying the feeding / resting cycle. Regarding the COD effluent concen-
tration, Phase Ill presents lower mean values, which are less than 50 mg/L. Despite the above,
the two phases present average removal efficiencies above 60%. Regarding the TSS, the two
phases show good performance, with average values below 10 mg/L. Again, these results indi-
cate that there is no modification of COD and TSS effluent concentrations when modifying the
feeding/resting cycle.Additionally, Table 1 shows that there was a similar transformation from
ammonium to nitrate for the two phases, since ammonium is reduced to nitrate by more than
90%, but in Phase lll, less nitrate is generated. In turn, the TN for Phase |ll presented mean ef-
fluent concentrations with values similar to the initial concentration. This could indicate that
in Phase lll, as the feeding/resting frequency increases, and despite the saturation of the bed
depth, the necessary conditions for denitrification are modified, affecting the effluent quality,
since in Phase Il at least 50% removal of TN was achieved. Finally, the performance of phosphate
presentremovals above 20% in the two phases, showing that the saturation of the zeolite keeps
the removal stable despite the modification in the feeding/resting cycle.
2. Plant growth.According to the growth data, the SchoenoplectusCalifornicus individuals
increased in size from 0.9 m, stable during Phase I, to 2.0 m (average) at the end of Phase
I1l. Furthermore, the number of leaves increased from 15 leaves (average) in Phase Il, to over
20 leaves in Phase lll. This growth is consistent with the experimentation season of Phase
lll: spring, and it was not affected by the modification of the feeding / resting cycle. Fur-
thermore, the chlorophyll results show stable values in Phase Il and Ill: between 70 and 80
SPAD units. Despite the above, the results of this work suggest that there is no contribution

of plant growth to the nutrients removals: nitrogen and phosphorus.

CONCLUSIONS

The effluent water quality results pH, T, EC and ORP, as well asTSS, COD, NH, ‘and PO, ?,
showed that modifying the feeding / resting cycle does not affect their concentration. Howev-
er, the situation changes with the TN, a parameter that was negatively affected by this modi-
fication. In addition, the parameters taken to evaluate the adaptation of the plants show that
Schoenoplectuscalifornicus has a positive growth as expected responding to the seasons but
apparently not affected by the treatment of the wastewater and not related to being a response
to the modification of the feeding / resting cycle. However, being plants, it is recommended to
follow the evolution of this growth for a longer time. Thus, the results of this work would show
that the feeding / resting cycle can be reduced, reducing the number of vertical wetland beds,
but the water quality with respect to the TN would be affected.
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Abstract

This article shows the results of bibliographic and documentary research
and an in-situ visit to the treatment plants of small populations around
the circunlacustrine ring of LakeTiticaca;with the aim of carrying out a
feasibility analysis of the utilization and exploitation of artificial wetlands
(wetlands) as an alternative for the domestic wastewater treatment of
small urban agglomerations in high-Andean areas. From the visit to the
thirteen localities and fourteen treatment plants, it was observed that
in six of them, they just have stabilization ponds, and without mainte-
nance, and eight have biological filter treatments and from these, just
three have some maintenance, that is why the great majority is practical-
ly abandoned. In addition, they do not have an energy supply and they
have sloping orographic conditions, as far as there is a great potential of
eleven treatment plants, for the extensive technologies implementation
(artificial wetlands), thereby reducing the discharge of wastewater with-
out any treatment to the Lake Titicaca.
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INTRODUCTION

Constructed Wetlands (CW) are man-made wetlands that treat organic, inorganic pollutants
and excess nutrient in surface water, municipal wastewater, domestic wastewater, refinery ef-
fluent, uranium acid mine drainage, or landfill leachate (De Filippis, 2015), using biological pro-
cesses that involve wetland vegetation, soils and their associated microbiota (Milledge, Thomp-
son, Sauvétre, Schroeder, & Harvey, 2019). The CW for wastewater treatment can be classified
according to the dominant vascular plant life forms and the water flow regime (Figure 1) (Blau,
2002). CW can still be classified according to the dominant macrophyte life form into floating
macrophytes, floating leaves, emergent, and submerged. CWwith emerging macrophytes is the

most widely used system (Vymazal, 2008)

Types of constructed wetlands

Floating Floating leaf Submerged
macrophytes macrophytes macrophytes
Surface flow Subsurface flow

Downwa rd flow
Vertical flow Horizontal flow
Upward flow
Hybrid system

Figure 1. Constructed wetlands classification for wastewater treatment based on dominant

v

Emerging
macrophytes

vascular plant life forms and water flow regime.Adapted from (Jan Vymazal, 2001) Types
of constructed wetlands for wastewater treatment: their potential for nutrient removal.

Transformations of Nutrients in Constructed Natural and Constructed Wetlands.
Surface flow systems are those where water preferentially circulates through the plants’
stems and are directly exposed to the atmosphere (Figure 2). This type of wetlands is a modifi-
cation to the conventional lagoon system. Unlike these, they are shallower (no more than 0.6 m)
and have plants (Delgadillo, Camacho, & Andrade, 2010).
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Comman reed Lesser bulrush
{Phragmites ausiralis) {Typha angusiifolia)

Figure 2. Surface flow artificial wetland of free-water using rooted

emergent macrophytes. Source: Raboni, Torretta, &Urbini (2013)

In constructed subsurface flow wetlands, wastewater flows horizontally (vertically in some
applications) through a porous medium consisting of a bed of washed gravel (characteristic
gravel dimension: 2 to 10 mm; bed height: 0,60 to 0,90 m) with a topsoil cover (Figure 3). The
bottom of the gravel bed slopes slightly (about 1-3%) in the direction of flow to facilitate water
flow, while the water level is kept 0.05-0.10 m below the top of the bed. gravel. The incoming
wastewater is distributed in the porous medium as evenly as possible. The treatment is based on
both physical (filtration and sedimentation) and biochemical principles (Copelli, Raboni, &Urbini
Molecular Sciences and Chemical Engineering, 2015).
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Figure 3. Artificial subsurface flow wetland; Source: Raboni, Torretta, &Urbini (2013)

Constructed wetland application is more appropriate and beneficial in decentralized waste-
water treatment in cities and small rural areas, as well as for slightly polluted waters of rivers and
lakes due to the low costs of construction, operation, and maintenance (Li et al., 2018).

Lake Titicaca is the largest freshwater lake in South America and the highest commercially
navigable body of water in the world (Global Nature Fund, 2012). This large water mirror is within
an endorheic basin and receives effluents from 25 rivers, the principal it is being the Ramis riv-
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er of 14,700 km?, on the other hand, Desaguadero river of 29,843 km? as an outward flow from
the Lake Titicaca (Medrano, Mamani, Mufoz, Diaz, & Medrano, 2020). Unfortunately, the human
activities development has generated a little-studied pollution process for some time, but that,
without doubts, is causing some type of decrease in the water quality in the basin (rivers and the
lake itself), this due to the discharge of its wastewater (Ocola&Laqui, 2017).Because of the water
contamination of the Titicaca basin, the Peruvian state with the help of private investment will
launch the execution of the design, construction, expansion, rehabilitation, operation, and main-
tenance of six new treatment plants and the operation and maintenance of four plants already
installed in the Titicaca basin (Prolnversién, 2018). These plants do not consider small urban ag-
glomerations, whereof it is necessary the intervention through technologies that do not require
more investment from the state. That is why, the review and updating of the technology called
“artificial wetlands” were seen pertinent to be applied in small urban agglomerations near Lake
Titicaca, in addition to identifying the potentialities of its implementation in conditions such as
those found in the highlands of Puno.

METHODOLOGY

The research has a quantitative approach, inductive method, non-experimental design. It
is transectional. Basic investigation. Descriptive. The population is the same as the sample. It
was done next Protocol where the following activities are carried out: First phase: Documentary
compilation, (1) Investigations carried out that demonstrate the pollution of Lake Titicaca (2)
Investigations on Wastewater Treatment Plants. (3) Coordination with authorities for technical
field visits and interviews with Operators / Technicians in charge of the Domestic Wastewater
Treatment Plants (DWWTP). (4) Preparation of the instrument, formulary. (5) List of Plants. (6)
Control sheets of the number of plants visited. (7) Daily tour schedule. (8) Record of photos and
filming of the state of the PTARD. The population is the 14 Domestic Wastewater Treatment
Plants, and the sample is equal to the population, as it requires the investigation of the total

universe, in order to, individually specify the problems of each one of the DWWTP.

RESULTS AND DISCUSSION

The obtained results are the summary of the in-situ observation of the fourteen treatment
plants belonging to thirteen localities (Huata, Capachica, Saman, Taraco, Chupa, Zepita, Juli,
Acora, Laraqueri, Chucuito, Pomata, Tilali, and Conima), located in the circunlacustrine ring of
Lake Titicaca and they are outside the project of “Wastewater Treatment System PTAR Titicaca”.

In the access to the treatment plants, it is observed that 9 of them are near the urban area,
so they can be accessed on foot and 5 of them require the use of a vehicle as they are far from
the urban area.
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64,3% @ Vehicle
Walking
Boat

® No access

Figure 4. Access to treatment plants
In the treatment system that they have, it was observed that 8 treatment plants have small
biological filter plants, and 6 only have stabilization ponds.

571%

@ Stabilization lagoons
WWTP
Anaerobic tank

Figure 5. Current treatment system
For the current conditions of the treatment plants, 3 were valued as “good”, 3 as “regular”, 6
as “deficient” and 2 as “inoperative”. It evidenced to more than 79.6% require immediate inter-

vention.

@ Excellent
Good
Regular

® Deficient

@ Inoperative

Figure 6. Conditions of the treatment system
The final discharge after the treatment of these waters, in 12 they are discharged to bodies of
water such as rivers and lakes, and only in 2, the discharge is on the ground.
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42,9%

@ Lake
River
Ground

Figure 7. Final discharge of wastewater.
Regarding the orography where the treatment plants are located, in 10 of them, they were

valued as having a good and regular slope, and only in 4 as unfavorable.

@ Good
Regular

571% Unfavorable

Figure 8. The orography of the location of the treatment plants
In 10 treatment plants they do not have an energy supply, and only in 4 treatment plants have an
energy supply. All shows that implement conventional treatment plants, would have greater difficulty.

71,4%
@ Does have
Does not have

Figure 9. The orography of the location of the treatment plants.

According to these results observed in these visits, they show us that it very likely the imple-
mentation of technologies such as “artificial wetlands”, since artificial wetlands are an eco-tech-
nological alternative for the treatment of all types of water. They are designed to overcome the
disadvantages of the natural wetlands and enhance their qualities since they can treat several
types of pollutants simultaneously to satisfactory levels compared to other conventional treat-
ment systems (Idris et al, 2010; Garcia and Corzo, 2008)

Even though there are many discrepancies regarding thewetlands functioning of different

aspects: dimensioning, operation, etc., including the purification capacity of the implanted spe-
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cies. Several authors affirm that the obtained results with the use of photosystems are better
than those obtained with the same system, but without plants.Stearman et al. (2003) report a re-
duction of pollutants in general, furthermore 20% in implanted wetlands compared to non-im-
planted ones. Additionally, the purifying potential of wetlands varies seasonally. This can be ex-
plained both by simple meteorological variations and by changes in the physiology of plants.
Soto et al. (1999) report that the activity of the plant increases in summer, therefore its capacity
to treat various factors (removal of phosphorus, phosphates, and nitrogen). Zuniga et al. (2004)
also reported a strong variation in the removalof ammonia and phosphorus between spring and
winter, with better results in planted wetlands than in wetlands without plants.

CONCLUSIONS

This investigation identified 13 localities with 14 wastewater treatment systems, located in the
circunlacustrine ring of Lake Titicaca, who are not considered in the Project of “Wastewater Treat-
ment System PTAR Titicaca”. localities whose water treatment systems wastewater shows defi-
ciency because only 21.4% have adequate operating conditions for wastewater treatment, and
more than 78% of the identified wastewater treatment systems need of immediate intervention;
likewise, it was identified that the 86% of the final discharge from wastewater treatment reaches
to the Lake Titicaca, directly or indirectly. Therefore, it is concluded that 11 of the 14 Wastewater
Treatment Systems can implement Artificial Wetland Systems for Wastewater Treatment.

Wetlands are an alternative for the treatment of domestic wastewater for small urban ag-
glomerations, where economic conditions are decisive when launching the type of wastewater
treatment, therefore the design models must be adapted to local conditions and analyze the
behavior of the different design and operating factors involved, among the most outstanding,

are temperature, slope, terrain, vegetation.
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Ana Galvao™

Abstract

Constructed wetlands are well known sustainable wastewater treatment
solutions that can have a variety of applications. The development of the
technology has enabled its application in fields other than wastewater
treatment, which can help address current societal challenges. This pa-
per presents two novel applications of constructed wetlands: a merge
between vertical treatment wetlands and green walls to treat greywater
and the potencial of traditional constructed wetlands to degrade debris
from biodegradable packaging.

INTRODUCTION

Constructed wetlands are well known Nature-Based Solutions, acknowledged by their sus-
tainable approach: they require lower raw material consumption when compared to conven-
tional treatment systems (e.g. activated sludge), low operation and maintenance costs and low
energy requirements (Matos et al,, 2009), while providing additional benefits such as pleasant
landscape (Campbell & Ogden, 1999) and wildlife support (Hsu et al., 2011).

CW can be classified in two main types regarding flow: i) surface flow, where wastewater
flows along an impermeable basin with macrophyte plants at the surface, emergent or sub-
merged; ii) subsurface systems, where wastewater flows through a porous media, which sup-
ports biofilm growth.

' CERIS; Instituto Superior Técnico, Av. Rovisco Pais, 1049-001 Lisboa, ana.galvao@tecnico.ulisboa.pt
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Subsurface flow (horizontal and vertical) is the most widely used type since they provide
good removal capacity and prevent contact with wastewater. This last characteristic is especial-
ly relevant in warm climates to prevent proliferation of mosquitoes that can act as vectors for
several water borne diseases. Although this technology was initially developed to be applied for
wastewater treatment in small agglomerations, its applications nowadays extends far beyond it.
In the last decades CW types have been widely engineered to allow their adaptation to treat dif-
ferent types of effluents, including upflow systems (Aguirre-Sierra et al., 2020), aerated systems
(Maltais-Landry et al., 2009) or floating systems (Headley & Tanner, 2012).

The range of effluents where CW are nowadays applied are also very vast, including industrial
effluents (dyes, mining industry (Heiderscheidt et al., 2020; Yadav et al., 2012)), combined sew-
age overflows (Pisoeiro et al., 2016)organized in two groups (A and B, temporary events (Lakho
et al,, 2020) and agriculture runoff (Wang et al., 2018), to mention but a few. Several examples
can also be identified regarding the coupling between CW and advanced technologies such
as a fluidized-bed Fenton coupled with surface and subsurface CW (Xing et al.,, 2020)the feasi-
bility and safety of papermaking wastewater for the use as ecological water supplement after
the treatment by fluidized-bed Fenton (FBF, CW coupled with ozonation (Gomes et al., 2020) or
photocatalysis combined with a subsurface flow CW (Chen et al., 2011).

Moreover, the combination with other technologies can also provide benefits for current and
future challenges, such as management of water scarcity and degradation of new biodegrad-
able packaging products. The present paper provides an overview of different application of
constructed wetlands, focusing on two new applications: green walls for greywater treatment
and the degradation of plastic substitutes in traditional CW.

METHODS

Overview

Two case studies were developed to present new applications of constructed wetlands:

—an experimental system of green walls for greywater treatment, which represents the
merge between conventional green walls and vertical flow constructed wetlands. This
system was irrigated with greywater (i.e. wastewater from shower and sinks), reducing
the pressure over potable water resources, while also allowing for greywater treatment
and reuse.

- the degradation potential of conventional constructed wetlands in the degradation of bio-
degradable packaging. The awareness of the effects of plastics and microplastics in the
environment is leading to an increased use of plastic substitutes with biodegradable mate-
rials. Since their debris can also reach aquatic systems, and CW are very good filters, their
retention in CW provides an opportunity for degradation, avoiding a release in the aquatic
system.
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The green wall for greywater treatment presented in the present paper was based on the
master thesis developed by Pissarra (2019) and the degradation of biodegradable packaging
was based on the master thesis developed by Fistrale (2020).

Experimental systems

A green wall for greywater treatment was set up at Instituto Superior Técnico, in Lisbon. It
was adapted from an existing modular green wall system, to provide three treatment lines with
vertical flow. Two of the treatment lines were planted (L1 and L3) and the third one was left
unplanted as control (L2). The feeding of the system was made with greywater collected from
the sinks at the university. To monitor the green wall treatment capacity treated greywater was
collected and analysed regarding dissolved oxygen (OD), pH, electric conductivity, chemical ox-
ygen demand (COD), total suspended solids (TSS) and volatile suspended solids (VSS). Figure 1a)

provides a general view of the green wall.

b)

Figure 1. a) view of the green wall for greywater treatment and
b) packaging and pieces used in the biodegradation study inside CW.

To study the degradation capacity of biodegradable packaging particles retained in cons-
tructed wetlands, sugarcane based packaging were cut in a set of 132 pieces with ITcm x 1 cm
and submerged in an experimental CW (also located at Instituto Superior Técnico), in a full scale
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constructed wetland located in Barroca D’'Alva, Alcochete, Portugal and in an aerated reactor
containing river water, to asses different biodegradability environments. Figure 1b) provides a
view of the packaging and corresponding pieces used in the study.

The pieces were previously weighted and placed inside nylon socks that acted as a porous
container to allow contact with wastewater. At known time intervals a set of pieces was remo-
ved from each environment to analyse their degradation state. To remove biofilm formed in
each piece samples were cleaned with KOH which acted as a mild oxidizer. After this step sam-
ples were dried at 40°C overnight before weighing with an electronic scale.

RESULTS AND DISCUSSION

Green walls for greywater treatment

DO concentrations at the inlet averaged 2.3 mg/l. There was a DO increase from inlet to outlet
due to the air contact between pots, and concentration values at the outlet were close to satu-
ration, with an average of 9,4 mg/l on all treatment lines. This situation demonstrates that treat-
ment processes occurred mostly in an aerobic environment. pH showed a slight increase from
7.2 at the inlet to 7.9 the outlet, but without significant differences between treatment lines.

Although TSS inlet values were low, with an average of 19.9 mg/|, removal efficiencies were up
to 80% in one of the planted lines, reaching an average outlet concentration of 3.8 mg/I. Most of
the solids were biodegradable, as indicated by the high percentage of VSS at the inlet, with an
average of 88%.

COD at the inlet averaged 129 mg/| but showed also a large variation with a standard devia-
tion of 115 mg/l. Removal efficiencies averaged 50% for Line 1, 47% for Line 2 and 43% for Line 3
(unplanted).

Degradation of biodegradable packaging

Degradation of sugarcane based packaging in the different environments showed a weight
loss of 7% in river water after 25 days. In the experimental constructed wetland the average
weight loss was of 9% after 37 days and 24% after 72 days. In the full scale wetland the average
weight loss was of 63% after 35 days and 72% after 63 days.

According to EN 13432 standard in order for a material to be considered biodegradable it has
to reach a 90% biodegradation in 12 weeks (84 days). Considering the trends calculated for each
degradation environment, a 90% biodegradation rate would be achieved in river water after 34
weeks, in the experimental CW after 21 weeks and in the real wetland after 17 weeks. Although
the constructed wetland environment did not meet the standard goal, it has the potential for
a faster degradation than aquatic environments. Further studies should be conducted in order
to optimize this system, since one of the samples collected reached 100% biodegradability in 63
days.
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CONCLUSIONS

Constructed wetlands are Nature-Based Solutions that provide a sustainable solution for a
wide variety of wastewater treatment types. They can also be engineered to achieve specific
goals and contribute to current challenges such as water reuse and biodegradation of new ma-
terials than can be retained inside.

The development of green walls for greywater treatment has proved to be a promising tech-
nology to provide a source of wastewater for reuse in urban areas.

The biodegradation of biodegradable packaging retained in constructed wetlands also
showed the potential of these systems to remove the organic load of new pollutants that may
reach water courses.
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Abstract

The performance of different types of constructed wetlands (CWs) mana-
ged by the Global Omnium Group in eastern Spain has been monitored.
These CWs work either as part of secondary treatment or as polishing
tertiary treatment in WWTPs. Based on the regular analytical monitoring,
they generally showed a high efficiency in removing organic matter (OM)
and inorganic nitrogen compounds. Additional surveys on the bioche-
mical, microbial, and metabolic features were conducted to fully unders-
tand the pollutant removal mechanisms. The performance of CWs varied
depending on its design and operational modes, but a general achieve-
ment was the occurrence of an upgrading of the ecological quality of the
treated water consisting in both the production of a biochemically more
stable dissolved organic matter and in the assembling of a microbial com-
munity that was functionally more suited for the receiving environment.
Findings of this study demonstrate that these CWs may serve as transi-
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tional systems to further mimic the water features of the receiving envi-
ronments. This can buffer the impact of discharges, particularly in water
stressed regions as the Mediterranean where these spills can account for
an important part of the hydrologic supply of natural environments.

INTRODUCTION

Constructed wetlands (CWs) are a well-established wastewater treatment technology used
in small urban agglomerations (<2,000 equivalent inhabitants). They are designed to remove
pollutants from wastewater by mimicking the biological processes of natural freshwater ecosys-
tems. CWs allow effective purification with a minimum consumption of electrical power and
chemical reagents, as well as low costs of operation and maintenance. They can perform as a
secondary treatment or as tertiary polishing step when attached to conventional treatments,
which may represent a great benefit for water reclamation purposes (Camacho et al, 2018; Pefia
et al, 20193, 2019b; Rochera et al, 2021). They can also provide ecosystem services such as the
maintenance of biodiversity and buffering of storms runoff and floods.

CWs are a relatively recent technology compared to the conventional wastewater treatmen-
ts. In the last decades, many progresses have been made in the field of ecological engineering
and phytodepuration applied to CWs, so they have reach high levels of performance (Vyma-
zal, 2014; Camacho et al, 2018). However, there are many issues and new challenges that still
need to be addressed. Initially, it is still needed to increase the knowledge on the microbial and
biogeochemical process occurring within the CWs, which may get a boost from using novel
diagnostic molecular and bioinformatic methodologies (Rochera et al, 2021). This would shed
light on processes conducting to naturalizing the effluents of wastewater treatments, which is
a way to minimize the impact in the natural receiving environments, particularly in those from
deficit basins, as those of the Mediterranean, where the wastewater effluents often constitute a
significant percentage of the natural flows. Other challenge gaining attention on CWs is its en-
vironmental sustainability in terms of climatic regulation. This is based in the idea of combining
its primary function of water purification with an additional role as a carbon sink. This purpose
goes through enhancing the sequestration of CO, but restricting as well wherever possible the
emissions of greenhouse gases (GHG) with high warming potential such as CH, and N,O (Man-
der et al, 2014; de Klein and Werf, 2014).

An enterprise-research consortium composed by Global Omnium, a Spanish based company
dedicated to water management, and the Limnology Research Group from the Cavanilles Insti-
tute for Biodiversity and Evolutionary Biology (University of Valencia), are carrying out research
studies in the last years on different configurations of CWs designed as part of secondary treat-
ment or as a polishing tertiary treatment for treated wastewaters. As being functionally complex
recreations of natural ecosystems, the monitoring of these CWs requires a systematic (i.e., mul-
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tiparametric) approach that considers a variety of physical-chemical, biochemical, microbiologi-

cal, and functional properties.

METHODS

Different configurations of CWs designed for different purposes were studied in facilities ma-
naged by Global Omnium in the eastern Spain (Fig 1). One of them, representative of the CWs
that the company is operating in sparsely populated mountain areas, consisted in a set of two
subsurface flow wetlands (flow direction: vertical and horizontal respectively) arranged in se-
ries, which were differently vegetated by Helosciadum nodiflorum, a riparian plant typical from
nearby streams, and Typha latifolia, respectively (Camacho et al, 2018). This was preceded of
a pre-treatment and a biological (extended aeration activated sludge) treatment and settling.
A second studied, free water-surface CW, was located closer to the coast, in a more populated
area (Pefa et al, 2019b). This consisted in a surface linear watercourse of approximately 400
m?, vegetated in the shores mainly by Typha spp. and Iris pseudacorus. This CW has been used
to explore the possibilities of re-naturalizing water after being properly treated by conventional
procedures but still showing some characteristics more similar to treated wastewaters than to
those of the receiving natural environment. Accordingly, this CW was fed by a small fraction of
the effluent from a secondary treatment.

Figure 1. Photographs of the studied subsurface and surface flow CWs.

The performance of CWs was regularly assessed by comparing variations in the variables
measured in the inlet and outlet of each subparts or whole system. Regular control variables of
wastewater were analysed following standard methods (APHA, 2005). Furthermore, a characte-
rization of dissolved organic matter (DOM) was performed by spectrophotometric techniques
(Hansen et al, 2016) to track biological activities related with the DOM processing and trans-
formation. The abundance and activity of the bacterial population were evaluated by cytome-
tric methods (Picazo et al, 2019). Additionally, the metabolic rates related with the exchange of

carbon with the atmosphere were also measured in different parts of the system (Morant et al,
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2020). Finally, a genomic study consisting in a high-throughput sequencing of the environmen-
tal DNA (Kozich et al, 2013; Picazo et al, 2019; Rochera et al, 2020) was performed to determine

the taxonomic and functional structure of the microbial community.

RESULTS AND DISCUSSION

The CW system from the mountain area, that combined two types of subsurface flows (verti-
cal/ horizontal) and plant types in the two different basins (the riparian Helosciadum nodiflorum
and the commonly used in CW Typha Iatifolia), demonstrated to be efficient in removing con-
centrations of major inorganic nutrients and the remaining OM as already described in previous
studies (Camacho et al, 2018). Optical analysis of DOM demonstrated, in this case, the reduction
of recalcitrant substances potentially produced during the preceding conventional treatment (i.e.,
fulvic acids), of up to 40%. On the other hand, the free water-surface CW from the most popula-
ted location functioned rather as a polishing system. This CW removed efficiently biodegradable
OM regardless of already receiving low loads from the conventional secondary treatment. These
reductions occurred in parallel to an increase of the DOM aromaticity in the outlet (Fig 2) as de-
monstrated by the specific ultraviolet absorbance at 254 nm (SUVA,, ). This DOM was less reactive
as indicated by the reduction of biodegradability (Fig 2), which led it to be more protected from
further microbial degradation once arriving to the receiving environment. This highlights the role
the CW as a transitional system between treated wastewater and natural ecosystems.
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Figure 2. Percentage variation of DOM-related parameters in the outlet compared to the inlet.

Specific ultraviolet absorbance at 254 nm (SUVA,_ ) is proxy of DOM aromaticity and the ratio

254

between biological and chemical oxygen demand (BOD/COD) indicates OM biodegradability.

Positive and negative values indicate increases and decreases, respectively.
The CWs from the mountain location, functioning with subsurface flow, operated efficiently

as biofilters and contributed more clearly to reduce bacterial abundance in water (Fig 3). This is
the case for instance of potentially pathogenic genera such as Arcobacter, that decayed signi-
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ficantly in the outlet, which may respond to the adverse environmental conditions imposed by
the CW to this bacterium (Fera et al, 2004). On the other hand, in the surface CW, the increases
of the oxygenation over the hypoxia, the exposure to solar light radiation and the interaction
with vegetation promoted important changes in the microbial community (Table 1). This invol-
ved a general increase of the aerobic bacteria, including those typical from freshwater com-
munities such as Limnohabitans, Limnobacter and Polynucleobacter. Bacteria able to degra-
de plants material (e.g., xylose, vanillin, syringate) also increased their abundance, likely by the
release in the CW of OM from vegetation (Table 1). By contrast, the capacity for denitrification
and dissimilatory reduction of sulfate, both predominant processes in anaerobic environments,

decreased in the outlet.

B Subsurface flow B Surface flow
60
40

% Variation
-

-

-40

-60

Figure 3. Percentage variation of bacterial abundances in the outlet with respect to the inlet
in contrasting CW design. Positive and negative values are increases and decreases, respecti-

vely. Data are partially extracted from Camacho et al (2018).

More consistent measurements of metabolic rates were conducted in the surface CW. In
this case, the balance between photosynthesis and aerobic respiration was, as a rule, slightly
heterotrophic. The balance was only autotrophic if the plankton compartment was considered
alone for calculations and under low-flow conditions. However, it should be noted that in slightly
alkaline waters like those of the surface CW (pH~7.5), the carbon fluxes are mainly regulated
by the calcite-carbonate system of water, in such way that an important part of the inorganic
carbon released by respiration is captured into the bicarbonate-carbonate system and precipi-
tates as calcium carbonate. Moreover, in terms of the total carbon budget of the CW, potential
emissions are also counteracted by the carbon fixation triggered by the riparian vegetation.
The methane emissions ranged usually low to moderate, suggesting that this was not a promi-
nent pathway for C-GHG outflow in this CW. However, higher rates were occasionally measured
during warm periods. This highlights the role of temperature in controlling methanogenesis
over other environmental factors, which has also been demonstrated experimentally (Camacho

et al, 2017), and stresses its importance in warmer geographical regions.
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Table 1. Main transformations observed of treated wastewater after passing through
the surface CW. This shows the naturalizing process of DOM and microbial communities
in these transitional facilities.

Trend Decrease in the outlet Increase in the outlet

Nature of DOM Frelieln sl eeien Humic and less reactive DOM.

Sulfur-oxidizing bacteria,
Microbial community denitrifiers and other mi- Photoautotrophs and heterotrophic bacteria
structure crobial guilds from was- typical from freshwater ecosystems
tewater treatment

Fermentative or anaerobic
pathways and degradation
Main metabolic trends of diverse aromatic com-
pounds

Aerobic heterotrophy, using compounds other
than biopolymers or aromatic hydrocarbons.
Skills for degradation of vegetal materials (e.g.,
xylanolytic and cellulolytic activities)

CONCLUSIONS

The study demonstrates the utility of different CW designs to further reduce the impact upon
discharge of treated wastewater, acting in some cases as a proficient transition from the con-
ventional treatment to the natural environment. The multi-analytical approach used proves the
ecological upgrading provided to water by these CWSs. Mainly, this involves an extra reduction
of pollutants, a transformation to a biochemically more stable DOM, and the change into micro-
bial communities with functional trends more harmonized with those of the microbiota of the
receiving environment. Wherever it was possible to conduct a comprehensive metabolic survey,
results indicate that occurs with a carbon balance close to neutral. The buffering role of CWs
could be particularly mandatory in water stressed regions, where treated water discharges can
be relatively high compared to the natural flows of the receiving environments.
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Abstract

Phytoremediation is a technology that can involve different process-
es such, mobilization, stabilization, and elimination of contaminants
through, phytostabilization, phytodegradation, phytovolatilization, phy-
toextraction and rhizofiltration. It consist of the use of plants, and their
associated microorganisms, to reduce the concentrations or toxic effects
of different types of contaminants that are found in the environment. Is
mostly applied to treat polluted soil, contaminated surface water and
wastewater. Constructed wetlands and floating wetlands are examples
of phytoremediation technologies for water treatment. Briefly, construct-
ed wetlands comprise an excavated bed with impermeabilization, a sub-
strate and vegetation. Floating wetlands comprise a floating platform
with an anchoring system and vegetation adapted to hydroponic mode.
In water environment the macrophytes are often used for phytoremedi-
ation, although careful selection should be carried out to cope with the
specificity and concentration of pollutants. Main advantages of this tech-
nology are that it is nature-based, provides several ecosystem services
and is low cost in terms of implementation, operation and maintenance
compared with conventional approaches. Some limitations relate to the
area needed for establishment (in the case of constructed wetlands) and
toxicity effects associated to higher concentrations of pollutants.Portugal
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is a country that pledged to become a green country within 2050. The
use of green and blue solutions is very important for climate change mit-
igation and adaptation. Therefore, the use of phytoremediation through
floating islands and constructed wetlands can be a feasible and sustain-
able way to help meeting the green cities goal, in relation to water qual-
ity improvement and biodiversity promotion.The present study aims to
do a bibliographic research about phytoremediation technology applied
to wastewater management in Portugal, with special focus on the plant
species used. The methodology will comprise the search of papers, the-
sis, and dissertations based on “science direct” search engine and Por-
tugal University “s online repositories. To complement the bibliographic
research, field trips will be made to two places of technology implemen-
tation in the north region: a floating island at Leixdes port and a con-
structed wetland at “Paco de Calheiros”, tourism unit placed in a rural
area. Within this framework we intent to gather knowledge on the state
of the art concerning phytoremediation in Portugal, types of constructed
and floating wetlands in use, typologies of wastewaters, operational char-
acteristics and specially plant species considered. We also expect that the
information gathered will set a platform for phytoremediation dissemi-
nation.

Keywords: ecosystem services; water management; macrophytes; phy-

toremediation; green solutions

INTRODUCTION

The current demographic growth and urbanization leads to an increase in waste production
and energy consumption.Legislation is often not up to date and adapted to current pollution
levels (WWDR,2017).Nowadays, with the COVID-19 pandemic and the consequent economic
crises,we see more than ever the necessity to invest in alternatives aiming for social, econom-
ic, and environmental sustainability. Some developing countries do not have water treatment
systems and if they do, they are not adapted to remove all the contaminants that arrive there.
Even some developed countries still need to improve the treatment of wastewater with certain
pollutants such as heavy metals, drugs, pesticides, dye, hydrocarbons, coming from different
sources. (UNEP,2015).This is because for an efficiency of more than 99% in removal of all the
impurities and pathogens from sewage it is necessary to have a tertiary treatment.Most of the
time, this can be expensive, requiring a high level of technical knowledge, trained operators, a
steady energy supply, chemicals and equipment (UNEP,2015). A way to help this problem can
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be investing in cheaper secondary treatment that use bioremediation and phytoremediation.
Through that, some pollutants can be degraded by biological means, extracted from the water
and transformedfrom high to low toxicity (Abid Ali Ansari, 2020).

Phytoremediation can be applied as secondary or tertiary wastewater treatment. It compris-
es the use of plants, and their associated microorganisms, to reduce the concentrations or toxic
effects of different types of pollutants that are found in the environment. It is mostly applied to
treat polluted soil, contaminated surface water and wastewater. In this technology plants can
use different mechanisms to mobilize, stabilize and eliminate contaminants, such as absorption,
translocation, evapotranspiration and metabolization. Some processes that use these mech-
anisms are phytostabilization, phytodegradation, phytovolatilization, phytoextraction, phyto-
stimulation and rhizofiltration (Yadav, B. & Akhtar, et al, 2015).

One important component that must be taken in consideration when applying phytoreme-
diation is the type of pollutant that we aim to remove. The pollutants can be organic (mostly
man-made, xenobiotics, and can be degraded) or inorganic (they occur as natural elements in
the earth’s crust or in the atmosphere, that cannot be degraded). The pollutant can be absorbed,
translocated, evapotranspirated, degraded, accumulated or metabolized by plants. For this to
occur, the pollutant must be bioavailable in the environment. Some factors interfere with the bio-
availability of organic and inorganic pollutants such as their chemical properties (hydrophobicity,
pH, redox state, volatility), soil properties, environmental conditions and biological activities that
occur in the environment. In addition, it is important to consider the effects that pollutants can
have on plants. When it comes to organic pollutants, some xenobiotic effects can occur in plants.
This effect varies according to the chemical structure, concentration and accumulation site, re-
sulting in biochemical, physiological and molecular changes (Pilon-Smits E. ,2005).

Another important factor is related to the choice of the most adequate plant for the type of
treatment to be carried out. In water treatment, macrophytes and algae are the most used or-
ganisms for phytoremediation, although careful selection should be performedin order to cope
with the specificity and concentration of pollutants. To choose the thisplant one must consider
its ability to survive in environments with high toxicity and if the plant is native to the region to
avoid further ecological problems.Another relevant point is to choose plants with some specific
anatomical characteristics such as long and dense root system, high level of degradative en-
zymes, production of abundant root exudates, high biomass and rapid growth.There are many
plants with the innate ability to remedy pollutants present in the environment. This capacity is di-
rectly proportional to the growth rate of the plant, being correlated with the total biomass of the
plant.(Pilon-Smits E. ,2005). Because of this, it is necessary to identify species with high growth
rate and biomass or modify the metabolism of those already known through biotechnology.

Furthermore, the plant species can be selected based on its value and on how it can be ap-
plied in the local economy. That is because the use of plants can also be lucrative if there is an
intention of biomass valorization.Other advantages of technologies based on phytoremediation
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are that they are nature-based, provide several ecosystem services and are low cost in terms of
implementation, operation and maintenance compared with conventional approaches. Some
limitations arerelated to the area needed for establishment (in the case of constructed wet-
lands), toxicity effects associated with higher concentrations of pollutants, the pollutant remov-
al process potentially being slower than conventional methods and the possible lack of bioavail-
ability of pollutants for processing by the plants (Pilon-Smits E. ,2005).

Some phytoremediation applications for water treatment are constructed wetlands (CW) and
floating island or floating wetlands (Fl). Floating wetlands comprise a floating platform with an
anchoring system and vegetation adapted to hydroponic mode. This system consists mostly of
aquatic plants that grow hydroponically on floating structures set up on the surface of water
bodies. The entire submerged surface of the islands and the plants roots serves as the basis for
the fixation of microorganisms (biofilm), which favors the decomposition of organic matter and
adsorption of suspended solids (Yeh et al., 2015).

A constructed wetland mimics the biogeochemical processes that occur in natural wetlands
promoting water depuration. They are engineered systems that combine plants, substrate and
associated microorganisms. Their application can be adapted for secondary or polishing waste-
water treatment. (Nabais C., 2007).Some of the advantages of this system is that it is a low-cost
and low technological system (Dotro et al.,, 2017) and versatile in terms of flow. It is also possible
to have systems that bring together different flows which are called hybrid systems (Kadlec and
Wallace, 2008). This system can also show a satisfactory removal of suspended solids, organic
matter and nutrients, and natural decay of pathogens(WHO, 2018).

In Portugal, the interest in phytoremediation-basedtechnology to treat contaminated water
started at the end of the 80 “s with the visit of Keith Saidal, one of the CW technology's creators
in Germany. She tried to show how this system works and its importance in wastewater treat-
ment.After that, the first CW pilots began to be operated at Lisbon State Institute IST, Evora
State University and Fabrica Anilina. However, the first full-scale constructed wetland was built
at Estarreja in 1993 and was designed as a subsurface vertical flow type for industrial wastewater
treatment. Besides that, the first full-scale constructed wetland to treat domestic wastewater
was implemented in 1997 at Pinheiro da Cruz (Dias V.N et al.,2000). According to the same au-
thor, atthe end of the 20th century there were almost 76 constructed wetlandsin operation in
Portugal.Based on the research that is carried out, there are no detailed records with current
accounting for constructed wetlands and floating wetlands in operation.

Green- Blue solutionsare frequently promoted as terms for such sustainable multifunctional
measures able to reduce negative effects of urbanization and adapt to a changing climate, such
as heat and water regulation, air and water purification, increased biodiversity and recreation.
When implemented in the urban context their aim is typically stormwater detention, infiltration
and purification in a decentralized manner(Sérensen et al.,2019). According to the National re-
port on the implementation of the 2030 Agenda for Sustainable Development published in 2017,
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Portugal is a country that adoptedtheEU Strategy for Adaptation to Climate Changeand aims
forthe neutrality of greenhouse gas emissions within 2050. The objective is to become more re-
silient to the impacts of climate change. One way to reach that is to transform cities into green
cities. As specified byBrilhante, O; Klaas, J. (2017)a green city is “a city that promotes energy ef-
ficiency and renewable energy in all its activities, extensively promotes green solutions, applies
land compactness with mixed land use and social mix practices in its planning systems, and
anchors its local development in the principles of green growth and equity.”.As how constructed
wetlands and floating islands are considered green solutions, the use of phytoremediation can
be a feasible and sustainable way to help the green cities goal. (Sang, 2017)

For an efficient water management it is important to know what kind of effluent will be treat-
ed and for which purpose it will be reused or where it will be disposed after treatment. There are
several sources that pollute the water in Portugal. For example, the large amount of drugs from
residential water that cannot be removed from urine through WWTPs. Furthermore, chemicals
that are byproducts from the wine, textile, tannery, mining, agricultural and tanning industries.
An example of an urban source is the large production of trash and leaching from sidewalks.
Other factors that can reduce the water quality are the overpopulation of seagulls and pigeons,
combined with the practice that some people have of feeding aquatic animals in parks. This
practice produces feces and food waste that sometimes decompose as organic material in wa-
ter, contributing to the eutrophication process. (Wither, A, et al., 2005).

There are still some gaps related to water treatment through phytoremediation, such as how
to solve the main disadvantages described above, which are linked to the plant’s tolerance to
the pollutant and to the xenobiotic effects, the efficiency of removing organic and inorganic
pollutants, treatment time, space required, and bioavailability of pollutants.With this work, it
isintended to contribute to clarify some of these issues in Portugal context by conducting a data
survey to fill the gap described above on the current accounting for constructed wetlands and
floating wetlands in operation in Portugal. Furthermore, relating plant species that have already
obtained positive results to treat a specific type of effluent in a specific system can also help to
fill these gaps. Through that it is expected to avoid the loss of time, investment and biomass

caused by xenobiotics effects.

METHODOLOGY

For this systematic review, the methodology will comprise a scan of the literature. To com-
plement the bibliographic research, field trips will be undertaken to an established constructed
wetland and floating wetland. It is intended to be implemented, under the present study, a pilot
floating wetland in a port marina.

The process of writing a literature review will cover the following steps: Define our research
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guestion, plan our approach to our research and our review, search the literature, analyze the
material we have found, managing the results of our research, and writing our review. The search
of papers, theses and dissertations within the year range from 2000 to 2020, will be carried out

based on science direct (https://www.sciencedirect.com/) and Google Scholar (https://scholar.

google.com.br/schhp?hl=pt-PT) search engines, and Portugal University 's online repositories.

Also, a parallel literature review has been made of studies published at conferences. The follow-
ing terms were used: (Phytoremediation or Fitorremediacao) AND (Portugal) AND (Greens tech-
nologies OR Green engineering OR tecnologiasverdes) AND (Constructed wetlands OR Wet-
lands construidos) AND (Floating island OR Floating wetlands OR llhasflutuantes).To assist the
literature review, some questions will be answered, such as:

- What is known about phytoremediation in Portugal?

- Are there any gaps in the knowledge of phytoremediation in Portugal?

- Have areas of further study been identified by other researchers that we may want to con-

sider?

- What aspects have generated significant debate on the topic?

- What methods or problems were identified by others studying in the field and how might

they impact our research?

- What is the most productive methodology for our research based on the literature we have

reviewed?

- What sources of information or data were identified that might be useful to us?

We will also categorizeall the literaturein aresearch log in a spreadsheet to record the theo-
ries, methods, findings of articles we have read. The categories that will be used are: Code, Title,
year, macrophytes, System, effluent, source, keywords, authors and country. For the references,
theMendley platform will be used. Subsequently, we intend to perform a data mapping through
graphs to outline the results found.

To contribute with the bibliographic research, field trips will be made to two places of tech-
nology implementation in the north region of Portugal: a floating island at “Leixdes port”, a con-
structed wetland at “Paco de Calheiros”, placed in a rural area.

A Floating Wetland Island (FWI) will be set up in the Marina of the Porto Cruise Terminal in
Matosinhos (APDL-Administragdo dos Portos do Douro e Leixées SA). This Marina has 2 ha. of
surfacewater andis positioned at the port entrance, being influenced by tides from the Atlantic
Ocean and the river mouth (Lec¢a river) that flows through the Port and by the traffic of cargo
ships, fishing boats, and cruise ships that pass by near the respective section in the port. The
FWI pilotthat will be implemented in March 2021 will follow the previous guidelines established
by Calheiros et al.(2020). It will consist of a platforrm made by cork, anchored to the Marina.
These platforms will beable to receivethe plants that will be placed in a coconut fiber vase, filled

with rockwool.Also, plants will be carefully selected following the criteria previously mentioned.
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EXPECTED RESULTS

Within this literature review it is intendedto gather knowledge on the state of the art con-
cerning phytoremediation in Portugal, types of constructed and floating wetlands in use, typol-
ogies of wastewaters, operational characteristics and especially plant species considered. It's
also expected that the information gathered will set a platform for phytoremediation dissemi-
nation per a publication of a paper based on this work. Also, the use of graphics and tables can
help an easy understanding of the data and information that we intend to show.Lastly, it 's ex-
pected to answer which plant has worked well to clean which type of effluent in Portugal based
on previous research.

Doing the two field trips it is intended to observe two types of technologies that use phy-
toremediation in Portugal. It is also intended to analyze the latest results obtained in order to
complement the literary research. Furthermore,with the implementation of a FWI it is expected
to assess the level of difficulty of the process and the cost of implementation to show how ac-
cessible this type of system can be, in addition to contributing to the practical dissemination of
phytoremediation through the implementation of a new prototype.
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Abstract

A new model of combined digester-wetland system was used to treat
municipal wastewater in a pilot plant at the University of ACoruna. The
system consisted of a first hybrid anoxic digester unit (AD) followed by
a vertical flow constructed wetland (VF CW)from which the VF effluent
was recirculated to AD inlet. AD aimed to perform removal of solids and
organic matter and support denitrification. VF CW aimed to obtain nitri-
fication in the wastewater after achieving low levels of particulate and
soluble organic matter. The system combined anoxic-anaerobic and aer-
obic conditions that improvedtotal nitrogen removal. The overall remov-
als were about 96-98%o0f TSS, 80-95% of COD, 95-98%of BOD, and 79-95%
of NH,*-N.
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INTRODUCTION

Water quality problems persist in both developed and developing countries. In developing
rural areas,it is estimated that 95% of wastewater is discharged into the environment without
any treatment when population density is not sufficient to justify connection to the sewage sys-
tem (ONU, 2018; WWAP, 2019).

A combination of anaerobic-aerobic process through non-conventional systems, e.g., an an-
aerobic digester-constructed wetland, may be one of the strategies to be followed. Constructed
wetlands (CW) are eco-friendly systems whose removal mechanisms are based on natural pro-
cesses. The main CW limitations are clogging of granular media and large land area require-
ments. In this regard, anaerobic digesters (AD) have been used as a CW pre-treatment in order
to reduce suspended solidsand organic matter loading rate, consequently decreasing the re-
quired footprint (Alvarez et al., 2008; De la Varga et al., 2013; Ruiz et al., 2010). Moreover, com-
bined AD-VF systems can reach simultaneous organic matter and nitrogen removal through
efficient nitrification and denitrification trough recirculation from the VF effluent to the AD inlet
(Gonzalo et al., 2017).

Therefore, it is required to develop systems appropriate to local conditions together with ap-
plicable design and operation criteria. Effluent recirculation to sludge bed digesters (i.e., UASB
or HUSB digesters) can lead to sludge washout that deteriorates both denitrifying capacity in
the AD unit and the performance of the subsequent CW unit due to clogging. The scientifi-
cliterature lacks sufficient information on the effect of VF effluent recirculation on the anoxic
pre-treatment unit(Gonzalo et al., 2017; Tanner et al., 2012). The aim of this work is to develop
a novel AD design suitable as pre-treatment for CW units and to study the performance of a
combined AD-VF system with effluent recirculationregarding the simultaneous removal of or-
ganic matter and nitrogen fromm municipal wastewater. Particular attention has been paid to
the parameters of TSS, chemical oxygen demand (COD), biological oxygen demand (BOD5) and

ammonium.

METHODS

The combined system was located outside the Science Faculty of the University of ACoruna
(A Coruia, Spain) and it was treating wastewater from one of the faculties and surrounding
houses, plus stormwater and runoff Thecombined system was constituted by two pilot units
connected in series, the first one consisting of a hybrid AD followed by the VF CW unit. As the
land was on a slope, the AD was placed higher than the VF CW to feed it with AD effluent by
gravity. Raw wastewater (WW) and the recycled VF effluent wereintermittently pumped into
AD and the pre-treated wastewater entered the CW.The final effluent was collected in a tank.
According to the defined recirculation ratio (R) (Table 1), the VF effluent was pumped to the AD
inlet at the same time as the WW.AD unit combined an up-flow sludge bed zone and an an-
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aerobic filter (AF) whose active volume was 0.222 m?* and surface area of 0.385 m2 VF CW had
an overall surface of 3 m? and its filtering medium consisted of an80 cm layer of 1-3 mm coarse
sand and an upper 5 cm layer of 0.5-2 mm fine sand. Both units were planted with Phragmites
australis. The AD unit was fed intermittently by pulses every 2 hours and consequently the VF
CW too. A rest of 3 days on a weekly basis was applied to the AD and VF CW. As a result of the
rainfall entering the collection sewer, wastewater was strongly diluted. Therefore, from period
Il onwards, raw wastewater was supplemented with a concentrated synthetic substratum. The
influent average concentration for the overall period was (in mg L' except pH): pH 7.0£0.3, TSS
192+103, COD 342196, BOD, 206+124 and NH_*-N 34+21.

The study was carried out during 508 days of which 81 days constituted the start-up of the
combined system. During the start-up, there was no recirculation, and the units were subjected
to an adaption and stabilization time. Therefore, the evaluated periods began with the beginning
of VF effluent recirculation and were divided into five periods, as indicated in Table 1. R ranged
from 0.7 to 1.5.The overall hydraulic loading rate (HLR) ranged from 77 to 233 mm-d’(without
recirculation) and the overall surface loading rate (SLR) ranged from 8 to 70 g TSSm-2-d",from 12
to 123 g COD m=d'and from 7 to 83 g BOD_ m2.d", due to variations in influent flow and concen-
tration (Table 1). Ammonia SLR ranged from 1to 10 g N m2-d”, whilst total nitrogen load may be

slightly higher because of partial ammonification of influent nitrogen.

TABLE 1. OPERATIONAL CONDITIONS OF THE COMBINED SYSTEM.

(days) (Ld) (Q/Qu (mmd”) D, N-NH/
1(105) 259154 0.94 19.8 77 8 12 7 1
I (105) 554+68 0.85 95 164 39 74 49 6
1 (35) 7908 0.67 6.7 233 70 123 83 10
IV (126) 342136 1.49 15.6 101 27 52 29 6
V (56) 368+33 0.78 14.3 109 19 28 13 4

aThe overall SLR was defined as the ratio of the influent mass (g/d) to the total area of the system (AD+ VF CW).

Influent and effluent composite samples from each unit were obtained integrating daily
samples. Samples were analysed following Standard Methods (APHA-AWWA-WEF, 2017) for
TSS,COD and BOD,. Nitrogen compounds were determined by lonic Chromatography. Solid ac-
cumulation in the AD as well as its specific methanogenic activity (SMA) and specific denitrify-
ing activity (SDA) were determined periodically.
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RESULTS AND DISCUSSION

The combined system AD-VF removed about 96-98% of TSS (97.5% on average), 80-95% of
COD (91.6% on average), 95-98% of BOD, (97.1% on average) and 79-95% of NH_*-N (88.6% on
average), as shown in Fig. 1.Most of the TSS were removed by the AD, which achieved removal
efficiencies of 75+9% while the VF CW contributed removals of 23+9%, respectively to the raw
influent (see Fig. 1). In terms of organic matter, the AD was also the most efficient with average
removals of 60£14% in COD and 67+12% in BOD, whereas about 30% of COD and BOD, was re-
moved by the VF CW. After start-up, the overall system produced stable effluents with low levels
of particulate and soluble organic matter. The AD achieved a concentration below 88 mg TSS L
(29+16 mg L' on average), 260 mg COD L (82+50 mg L") and 110 mg BOD, L' (50+30 mg L"). Be-
cause of the pre-treatment, the VF CW treated a low suspended solid and organic matter influ-
ent, which means that the VF CW could reduce its footprint and reduce clogging of the granular
media. Finally, the AD-VF combined system obtained a final effluent with concentrations below
25mg TSS L', 45 mg COD L'and 18 mg BOD, L.

The increase in loading rates during period Il caused a greater accumulation of active bio-
mass in the AD which improved its filtering capacity.In the whole period (I toV), the AD digester
removed through hydrolysis 80.8% of influent volatile suspended solids(VSS; mass balances not
shown).The sludge generated represented 6.1% of the influent VSS while the remaining 13.1%
was in the AD effluent. Meanwhile, the VF CW operated an SLR of 8.3 g TSS m2d", 22.5 g COD
m2d’and16.3 g BOD, m?Zd'The VF CW achieved surface removal rates (SRR) of 1.9 g TSS m=2.d",
7.3 9 COD m2d'and 5.6 g BOD, m?.d", on average.

FIGURE 1. PERCENTAGE REMOVAL OF TSS, COD, BOD5 AND NH4+-N
IN THE OVERALL SYSTEM AND CONTRIBUTION OF EACH UNIT.
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On the other hand, ammonia was mainly removed by VF CW due to its aerobic conditions
(see Fig. 1). Based on the data in Table 2, it could be seen how the environmental conditions af-
fected the yield of nitrogen compounds. Thus, the AD was responsible for removing nitrates that
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were recirculated from the VF effluent due to the prevailing anoxic conditions.During period IlI,
the VF effluent had the lowest ammonium concentration, despite the highest SLR (10 g NH_*-N
m=2-d7). The lowest nitrate concentration for AD effluent was obtained also during period Ill. This
could be since period Ill operated at the highest influent temperature (Table 2), which could
favour the activities of denitrifying and nitrifying bacteria.R appeared not to greatly affect the
ammonium concentration in the AD effluent neither the nitrate concentration in the VF efflu-
ent. Theseeffluent concentrations seemed to be more related to the SLR applied in each period
and temperature.Both units produced irregular nitrite concentrations according to its role as
intermediary in the nitrogen cycle. In addition, the presence of plants in both the AD and the
VF CW may have contributed to the elimination of the nitrogen compounds studied. It should
be noted that the VF CW operated at SLR between 1.3-8.2 g NH_*-N and achieved SRR between
1.2-6.4 g NH,_*-N, indicating its high nitrifying capacity.

TABLE 2. CHARACTERISTICS OF THE NITROGENOUS COMPOUNDS
IN THE EFFLUENT OF BOTH UNITS

-“ AD effluent® I VF effluent?

Period

°c)  (Q/Q,) NO,-N NO,-N NO,-N NO,-N
I 128423 094 124011 8.7+52 0.13+0.09 10.7+3.9 13415 0.11+0.08
I 182432  0.85 22418  229+126 0.53+0.56 19.144.3 6.7+4.5 0.18+0.13
n 217+03  0.67 0.4+0.5 19.5+9.3 0.06+0.06 18.0%5.5 21+1.9 0.10+0.04
v 19.6422 149 1.8413 28.6+10.7 0.30+0.23 231%9.2 6.9+4.9 0.07+0.03
\% 150+0.8 078 24417 19.7+8.2 0.12+0.06 14.5+3.8 7.0+6.8 0.07+0.06

aConcentration units: mg L-1

SMA showed low values (between 0.026-0.056 g COD_,,, g VSS™-d") with short latency periods (1-2
days). SDA of the sludge bed zone was between 2.5-4.7 mg N g VSS'-h" while SDA of gravel of AF was
maintained about 0.9-2.6 mg N g VSSh'. Owing to a higher amount of biomass attached to the
AF than biomass accumulated in the sludge bed, about 64% of the potential denitrifying capacity
of the digester was provided by the AF. As a result, the AD generated an effluent with a low nitrate
concentration during the whole study (1.7¢1.5 mg NO," L on average), so high removal efficien-
cies were achieved. Moreover, surface nitrification rate (SNR) was calculated in VF CW regarding
denitrification process could considered negligiblein this unit. So, SNR equalled the rate of nitrate
formation in the VF CW. The SNR was higher between periods Il to IV (6-8 g NO,-N m*-d”) than
during periods | and V (between 2-3 g NO,-N m?*-d”). In addition to the influent ammonium con-
centration, this behaviour was explained by the higher activity of nitrifying bacteria during periods
Il to IV (spring-summer season) than in periods | and V (winter season). Nitrate accumulation in the
final effluent indicates that improving total nitrogen removal will require higher recirculation rates.
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CONCLUSIONS

A new AD design was tested for the treatment of raw WW in combination with CW.The AD
removed 61-83% of TSS, 43-75% of COD and 50-76% of BOD,, highly reducing the influent con-
centration of particulate and soluble organic matter to the VF CW. Surplus sludge was produced
at a rate equivalent to 6.1% of influent VSS. On the other hand, the intensification of nitrogen re-
moval efficiency was carried out through recirculation of the nitrified VF effluent to the AD inlet.
In this pathway, the AD effluent had low nitrate concentrations (1.7+1.5 mg NO,” L on average)
because of denitrification process under anoxic environments while the VF effluent achieved
low ammonium concentrations (4.8+5.0 mg NH_*-N L) due to prevailing aerobic conditions. The
combined AD-VF system removed 96-98% (97.5% on average)of TSS, 80-95% (91.6%)of COD, 95-
98% (97.1%)of BOD, and 79-95% (88.6%) of NH,*-N.
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Abstract

Vegetation Filters (VFs) can be a sustainable solution to treat wastewater
and to recover resources such as nutrients,water and biomass from small
municipalities and isolated dwellings. However, under certain conditions,
the leakage of nutrients, especially of nitrate, can represent a limitation.
The addition of two sustainable soil amendments, woodchips and bio-
char, has been tested as a strategy to improve nutrient attenuation in VFs
increasing sorption sites and microbial activity. To this end, unsaturated
infiltration and batch experiments have been carried out at laboratory
scale. The systems for infiltration experiments contain natural soil, natu-
ral soil amended with woodchips and natural soil amended with biochar.
To determine the sorption capacity of NH_*, batch tests were performed
using an amendment/SWW ratio of 1:20 and an NH_*initial concentration
ranging from 30 to 600 mg/L. Results from the infiltration experiments
show a high attenuation (~95%) of total phosphorous (TP) independent-

lyof the amendments. Different behaviour is observed for total nitrogen
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SOIL AMENDMENTS TO IMPROVE NUTRIENT ATTENUATION IN VEGETATION FILTERS

(TN). The removal of this species is obtained only in the soil amended with
woodchips (>85%) whereas the natural soil alone and the soil with biochar
have no impact on TN attenuation. In these two porous media, all the
NH_ ‘input concentration is transformed to NO,that infiltrates without
further reactions. According to batch experiment results, the potential-
role of biochar in the nutrient attenuation is limited to sorption processes
(K, (NH,) = 21.35-193.18 L/kg). Woodchips act primarily as a labile source
of carbon promoting biodegradation, being more effective for nutrient
attenuation than the sorption capacity of biochar.

INTRODUCTION

Vegetation filters (VFs) are a non-conventional water treatment technology where waste-
water and/or treated water is applied for the irrigation of a forestry plantation. The treatment
is carried out by the mutual action of soil, microorganisms and plants. In this system, part of
nutrients and water are recovered from wastewater by plant uptake to generate biomass. The
main advantages are: i) the low maintenance costs; ii) the production of biomass as an extra eco-
nomic value; iii) the low energy consumption; iv) the contribution to mitigate climate change as
CO, sink; v) the increase of groundwater resources by irrigation returns and vi) the creation of an
ecologic niche that fosters biodiversity.

Different studies have demonstrated that VFs represent a robust environmental man-
agement application since they are able to reduce contaminant loads (de Miguel et al., 2014;
Martinez-Herndndez et al., 2018). However under certain conditions, the leakage of nutrients,
especially of nitrate, can represent a limitation even when this technology is properly operated.
Already in the soil, phosphorus is retained by precipitation with calcium, iron and aluminium.
Whereas nitrogen (mainly as NH,*) is sorbed onto soil through cation exchange processes. In
these forms, nutrients can be stored in the soil and used by plants when necessary. Although
the plants recover part of the nutrients, there is the possibility of their leaching towards deeper
levels. For example, when NH,_* is transformed to NO, it becomes very mobile in the subsurface
and, therefore it can reach the aquifer and contaminate groundwater resources. Our research
arises from the necessity to overcome this limitation by seeking a sustainable solution that can
be easily integrated in a VF. To this end, and based on research published in recent years, we
selected two soil amendments, biochar and woodchips, to improve nutrient attenuation in VFs

by increasing sorption sites and promoting microbial activity (Meffe et al., 2014).
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METHODOLOGY

The soil used in the experimental tests comes from a pilot scale VF that treats wastewater
from an office building. The collected calcareous soil is a sandy clay loam soil (50.9% sand, 22.5%
silt and 26.6% clay), contains 1.69% of OM and its cation exchange capacity is 11.1 cmol /kg. A
stock solution of synthetic wastewater (SWW) mimicking the real composition of the wastewa-
ter used to irrigate the pilot scale VF was produced in the laboratory for the experimental tests.
Regarding amendments, woodchips were obtained from the pilot scale VF and biochar by py-
rolysis of poplar woodchips. Pyrolysis was carried out in a Microsynth Microwave oven (Batch)
from Milestone following the methodology described in Martin et al. (2017).

To investigate the attenuation of nutrients during vadose zone infiltration, three experiments
were performed(Martinez-Hernandez et al., 2020) using stainless steel columns (L 30.0 cm, @
8.49 cm)connected to a vacuum chamber to simulate infiltration under unsaturated conditions.
The systems contain natural soil (Column S), natural soil amended with 3% w/w of woodchips
(Column S+W) and natural soil amended with 3% w/w of biochar (Column S+B).The porous ma-
terials were packed with increments of 2 cm avoiding the formation of stratified layers and pref-
erential flow paths. Vacuum pressure was adjusted to adapt the drainage of the experimental
set-up to that observed at field conditions. The irrigation was simulated by manually applying
500 ml (dual pulse of 250 ml each) of SWW at the upper end of the columns once per week.
Once a week, SWW and the three column outlets were sampled after every irrigation event
(n=12 for each column) to analyse chemical oxygen demand (COD), dissolved ions (NO,", NO,",
PO, *, ClI, SO, >, NH, ", Na*, K, Ca**, Mg?), alkalinity, total nitrogen (TN) and total phosphorous (TP).

The sorption capacity of each amendment was determined in batch experiments follow-
ing OECD guideline 106 (OECD, 2000). SWW (50 mL) in 100 ml plastic vessels containing 2.5
gamendment was spiked with NH,Cl at different NH,* concentrations (30, 60, 100, 300 y 600 mg
L") per triplicate. To measure the current NH,* concentration in the amendments, and to exclude
the possibility of NH,* sorption onto the vessels and degradation, control (without amendment)
and blank (without NH,*) samples were prepared in triplicate and analysed along with the oth-
ers.After 24 h, samples were collected from each vessel and centrifuged at 4,000 rpm for 20 min
to separate the liquid phase from the amendment. The supernatants were then stored at 4°C
during 24-48h until analysis.The desorption isotherms were determined placing amendment
(50 g) with previously sorbed NH,_* (at all concentrations) in contact with 0.01 M CaCl, (50 mL)
solution for 24 h. The distribution coefficient K ,wasdeterminedforeachconcentration.

RESULTS AND DISCUSSION

COD, TP and TN removal percentages at the column effluents are shown in Table 1 for the
three infiltration experiments.Columns S and S+B exhibit a better performance in terms of COD
removal compared to S+W. Although the microbial activity seems to be more developed in the
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S+W column (see nutrient removal), only the biodegradable OM is actually treated. Indeed, the
obtained results suggest that the addition of woodchips as a source of OM is responsible also for
the leachate of non-degradable OM. The addition of woodchips increases both biodegradable
and non-biodegradable OM reducing its removal efficiency in terms of COD.

Tablel. Averageremovalpercentages and standard deviationsof

allirrigationevents in terms of nutrients and OM.

m Soil + Woodchips (S+W) Soil + Biochar (S+B)

86+3 7015 88+4
96+1 97+2 9541
-5+15 85+15 -8+16

Amendments have no effect on TP attenuation.The obtained removal of TP in all cases reach-
es values 295% indicating that this nutrient does not imply a concern in a treatment technolo-
gy where calcareous soils are present.In fact, the precipitation of orthophosphate PO,-P in the
presence of calcium, which is abundant in the tested soil (~35 g/kg), could explain its removal
from the infiltrating water(Duchafour, 1984). TheTP accumulation in the three column soils at
the end of the experiment (S: +49 mg/kg; S+W: +76 mg/kg; S+B: +70 mg/kg) corroborates the
presence of sorption and/or precipitation processes.

Concerning TN, results were different among the columns. Negative values of removal per-
centages reported for column S and S+B indicate that instead of attenuation, lixiviation of nitro-
gen from the inlet and from the soil is occurring. Indeed,at both columns, TN mainly in the form
of NH,* in the inlet, is transformed to NO, by nitrification processes occurring during its infil-
tration(Fig. 1). Different behaviour was observed for the S+W column.Regardless of the predom-
inant nitrogen species at the effluent during the first 9 irrigation events was NO,;, its average
concentration (N-NO,: 3.49+2.33 mg L") reflects that NO, is further transformed. The removal of
NO, can occur by denitrification, dissimilatory nitrate reduction to ammonia (DNRA), anaerobic
ammonium oxidation (ANAMMOX) and/or biomass incorporation. DNRA is excluded since there
is no increase in NH,* concentrations in the column effluent. ANAMMOX is unlikely to occur since
it is a process inhibited when the concentration of OM is high (Nordstrém y Herbert, 2018) and
the S+W column has a high input of OM due to the addition of a labile carbon source. Biomass
incorporation may happen as there is a slight increase in N-NO, in the amended soil with wood-
chips (S+W) after irrigation in the upper part of the column (+63 mg/kg). This accumulation also
occursin S (+26 mg/kg) and, to a higher extent in the S+B column (+222 mg/kg) due to its higher
sorption capacity. However, it has not an important impact in the removal of N-NO,. According
to approximated balance calculations, the nitrogen accumulated as TKN+N-NO, accounts for
only 2.61%, 12.13% and 14.35% for columns S, S+W and S+B, respectively.
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Figure 1. Totalnitrogen (TN) and N-NO.concentrations

in allinfiltrationexperiments at thecolumnoutlets.

Therefore, the obtained results indicate that in the column amended with woodchips, NO," is
removed by denitrification as corroborated by data measured during the last 3 irrigation events.
In the S+W column, there is a decrease of TN removal due the appearance at the column ef-
fluent of higher N-NO, concentrations (Fig. 1).Data observed during the last 3 irrigation events
show a decrease of alkalinity as a consequence of the inhibition of denitrification.This inhibition
can be derived from an OM limitation. The C/N ratio and the type of OM are important factors
controlling the activity of denitrifier bacteria(Fang et al., 2018, Narkis et al., 1979).At the end of
the experiment almost half of the initial OM in the S+W has been consumed, besides the organic
carbon that the SWW is supplying.lt seems that once all the biodegradable OM is degraded, the
denitrification is inhibited and NO, starts leaching. The removal efficiencies of nitrogen are very
high (> 90%) when the system has enough biodegradable OM.

Calculated sorption K value ranges are 5.76-10.81 L kg™ and 21.35-193.18 L kg”, for woodchips
and biochar, respectively. Results show that sorption of NH,* onto biochar is one order of magni-
tude higher than onto woodchips being the average percentage of NH,*sorbed 2.6 times high-
er. This difference increases after desorption up to 5.9 times, indicating that biochar is a better
sorbent of NH,*. Despite biochar sorb more NH_*, itsretention capacity is less pronounced when
added to soil in a 3% (w/w). The selected amount of amendment is insufficient to render sorption
processes as important as the biological attenuation occurring in the presence of woodchips.

CONCLUSIONS

COD is well-attenuated by biodegradation in soil, while biochar only incorporates sorption
as an additional sink process. Results suggest that the addition of woodchips increases both
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biodegradable and non-biodegradable OM reducing its removal efficiency in terms of COD.
Amendments have no effect on TP attenuation since sorption and precipitation taking place
already in the soil almost completely remove phosphorous species. Woodchip amendments re-
duce TN leachate by denitrification processes. However, higher content of amendments should
be added in order to increase both sorption and degradation processes and to assure a higher
durability of the treatment.Obtained results indicates that woodchips used as amendments are
more effective than biochar. This labile carbon source has also the advantage that it is easily
provided by the VF without further post-processing.
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Abstract

Peru has the largest amount of the tropical glaciers of the world. Never-
theless, 10% of the population lacks water service and 25.5% lacks draina-
ge (sewerage or sanitation). It's also important to notice that Peru is divi-
ded into the coast, mountain, and jungle. Being the coast, the region with
the least area but the major population. To wit, Lima, a coast department,
has 29.7% of the population of the country. To magnify the problem, 72%
of wastewater is treated and discharge to the Pacific Ocean. Thus, it isn't
difficult to foresee that this situation is unsustainable. Reuse of treated
wastewater could be an excellent alternative to help solve this problem.
Accordingly, the current study aims: I) to evaluate the physicochemical
and biological quality of UNALM constructed wetland effluent (SDG 6)
and Il) to know the potentialities of the reuse of this effluent for afforesta-
tion irrigation (SDG 11y SDG 15).

Keywords: Constructed wetlands, wastewater reuse, French system, af-
forestation.
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INTRODUCTION

In Peru, 10% of the population lacks water service and, 25.5% lacks sewerage service (MVCS,
2017). In addition, more than 70% of the population lives on the coast (loris, 2012), where there's
a water deficit. The coverage of domestic wastewater in Peru reaches 72% but, if Callao and
Lima (capital city) are excluded, the rest of the country only reaches 48% (GWI, 2016). In this fra-

mework, is considered to contribute:

SDG_6. Target 6.2
“By 2030, achieve access to adequate and equitable sanitation and hygiene
for all and end open defecation, paying special attention to the needs of wo-
men and girls and those in vulnerable situations”.

Moreover, it is worth mentioning that in Peru, the prime technologies used for the treatment
of domestic wastewater consist of the combination of primary and secondary facultative la-
goons (ANA, 2016).

As of 2018, the MVCS (Ministerio de Vivienda Construccién y Saneamiento) issued a regulation
that considers to constructed wetlands for wastewater treatment. One of them is the so-cal-
led constructed wetlands (CW), technology that simulates the natural processes of pollutant
removal; and is characterized by low cost, easy operation and maintenance, and potential for
application in decentralized situations (Dotro, Langergraber, Molle, Nivala, Puigagut, Stein & Von
Sperling, 2017). Furthermore, aquatic plants and chemical, physical, and biological mechanisms
are optimal for treating wastewater (Von Sperling & Chernicharo, 2005). On the other hand, in-
vestigations carried out in wetlands built in high Andean areas, showed potentialities of using
treated water for afforestation (Rosado, Paredes, Joachin, Moratd, & Rosario, 2019).

However, constructed wetlands require pre-treatment to remove solids. Against this back-
ground, vertical flow wetlands have been successfully tested to treat raw wastewater, known as
the “French System”, and includes two stages: French cell (1t stage) + vertical flow subsurface
wetland (2"¢ stage). Both provide integrated sludge and wastewater treatment in a single sys-
tem (Molle, Liénard, Boutin, Merlin & Iwema, 2005).

In 2011, an experience with the French System was carried out in a coastal city of 60 inhabi-
tants (Chinc ha-Peru). The results showed that the pollutant removal in the French cell (1%) is
more efficient compared to other treatment technologies: septic tank, ABR, Imhoff tank, UASB
(Platzer, Hoffmann & Miglio, 2016).

Also, in 2011, 2 pilot plants were built in the facilities of the Universidad Nacional Agraria La
Molina -UNALM (Lima-Peru), to promote research work (Pastor, Miglio, Suero, Arias & Moraté,
2016). The system consists of 2 lines, and each of them has been dimensioned for 30 PE, which
generates a flow of 6 m3d” per line. Two types of pre-treatments have been built, an improved
septic tank (Baffled Tank or ABR) and a vertical wetland or “French System”.
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The research results aimed at optimizing the operation of the French System (Ledn, 2020) are

shown in this work and are intended to contribute to SDG 6. Goal 6.3, SDG 11. Goal 11.7 and SDG 15.
Goal 15.2.

G Ccmmaz SDGs 6. Target 6.3
N S “By 2030, improve water quality by reducing pollution, eliminating dumping and
minimizing release of hazardous chemicals and materials, halving the proportion
of untreated wastewater and substantially increasing recycling and safe reuse
globally™.

SDGs 11. Target11.7
“By 2030, provide universal access to safe, inclusive and accessible, green and pu-
blic spaces, in particular for women and children, older persons and persons with
disabilities”.

SDGs 15. Target 15.2
“By 2020, promote the implementation of sustainable management of all types
of forests, halt deforestation, restore degraded forests and substantially increase
afforestation and reforestation globally”.

METHODS

Location
The research was carried out in the pilot plant for the treatment of domestic wastewater
(PTAR) located at the Universidad Nacional Agraria La Molina (UNALM), Lima - Peru.

This pilot plant has three lines. Line one is made up of the French System - FS (French cell +
02 vertical flow subsurface wetlands).

Work was done on the SF line (Figure 1), that is, on the French cell (15t stage) and the 02 verti-
cal flow subsurface wetlands (2" stage).

Figure 1. French System of UNALM. Left: Ist stage (French cell); Right: 29 stage

(vertical flow subsurface wetlands)

93



CONSTRUCTED WETLANDS FOR THE TREATMENT OF WASTEWATER
IN SMALL CITIES ON THE PERUVIAN COAST

The FS is made up of a French cell (15t stage) and two vertical flow subsurface wetlands (2" sta-
ge) (Figure 2). The domestic wastewater that enters the French System (raw water) comes from
a domestic sewerage network and passes through a 24.5 mm opening grate that is manually
cleaned. The wastewater is diverted to a pumping chamber (CB1) and is pumped from there to
the French cell using two submerged pumps (B1 and B2). The French cell has a surface area of
36 m? and is subdivided into two subunits or lines of 18 m? of surface each. The two lines operate
alternately to guarantee the rest period in each of the lines after a time of use of 72 h (3 d). Each
line is fed by one of the pumps; the wastewater enters through two vertical PVC pipes with a dia-
meter of 76.2 mm per line (from 1.1 to 2.2). To ensure an equitable distribution of the wastewater
on the surface of each line, the outlet pipes are surrounded by circular concrete plates.

Line 1 (15 m?)

B1
Puhlic @ o~ Effluent
: B3 P
SEWer
B2 @——|
CB1 @ @ B2 Line 2 (15 m?)
Line 2 (18 m?)
1 stage French system 2" stage French system

Figure 2. French System Scheme

After passing through the filtering material of the 15t stage, the wastewater is collected throu-
gh perforated drainage tubes located in the lower part of the filter (diameter of 110 mm), which
discharge by gravity to the pumping chamber CB2, from where they are pumped with a sub-
merged pump (B3) to the 2" stage of the French System. The B3 pump, unlike the other pumps,
is controlled by a float to maintain a constant level of water in the pumping chamber. The 2™
stage of the FS has a surface area of 30 m?, subdivided into two units or lines of 15 m? of surfa-
ce each. The treated water enters and is distributed uniformly over the entire surface through
pipes, with a diameter of 50.8mm; which are diametrically opposite perforated. After passing
through the filter medium, the residual water is captured by drainage tubes (diameter of 101.6
mm) located at the bottom of the cell and finally, the treated water is discharged.

The 1t stage of the French System and one of the subsurface vertical flow wetlands of the
2" stage have been considered. In Figure 1 the systems studied are shaded in lead colour. The
1t and 2" stages of the French System are planted with umbrellas (Cyperus alternifolius) and
vetiver grass (Chrysopogon zizanioides), respectively.

The B1 and B2 pumps are controlled by an automated SCADA (Supervisory Control and Data
Acquisition) system to ensure a pumping and resting sequence.

The Tt stage has a total filter bed depth of Im and is divided into three layers of different filter
material. From top to bottom, these layers are: 0.6 m gravel @ 4.75 - 19.0 mm; 0.25 m transition
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layer @ 12.7 mm crushed stone; 0.15 m drainage layer @ 25.4 mm crushed stone. The 2" stage of
the French System has a total filter bed depth of 0.9 m and is divided into 3 layers of different
material filters. From top to bottom, these layers are: 0.1 m gravel @ 4.75 - 12.5 mm; 0.6 m transi-
tion layer sand @ 9.53 mm; 0.2 m drainage layer @ 4.75 - 12.5 mm (Rotaria del Perd, 2012).

l |

Filter layer
(@4.75-12.5 mm)

Raw wastewater inlet

0.10m

Filter laver I
0.60 m (@ 4.75 - 19.0 mm) [

0.60 m Transition layer (@ 9.53 mm)

025m Transition layer (@ 12.7 mm)

0.15m I Drainage laver (@ 25.4 mm) 020 m

Drainage layer (@ 4.75 - 12.5 mm)

1% stage French System 2'! stage French System

Figure 3. Cross-sectional view of the French System installed at UNALM by Rotaria del Peru (2012)

Operating loads

Four hydraulic load increments were applied to the 15t stage of the SF, with a duration be-
tween 6 - 12 weeks each. Table 1 shows the 4 applied load campaigns. In each campaign, B1and
B2 ran alternately for three days each, so that line 1 and line 2 were fed for three days and then
rested for the same time.

Throughout the investigation, the system was fed with raw domestic wastewater in hydraulic
batches of 6 minutes each. The hydraulic load increased by increasing the number of batches

per day, starting 3 batches d-1, and increasing to 6, 8, and 12 batches d.

Table 1. Research period for 4 campaigns

amesien "o | curation ey
(min) d)
! Spring OC;&';OV 6 6 3 18
I Summer Dig(;{:;an 8 g 5 -
v Winter e 8 6 12 72
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Parameters analysed

The temperature (T) and pH parameters were measured in the field. Chemical Oxygen De-
mand (COD), Biological Oxygen Demand (BOD,), Total Suspended Solids (SST), Turbidity, Total
Nitrogen (N, .. ), Ammonia Nitrogen (NH_-N), Nitrate (NO,- N), and total phosphorus (PO,-P) were
analysed in the Sanitation and Environment laboratory of UNALM. NO,-N was not analysed in
the influent samples, since the raw wastewater was assumed to be anaerobic. Thermotolerant

coliforms (CT) and helminth eggs (HH) were analysed in an accredited external laboratory.

RESULTS AND DISCUSSION

Characterization of untreated wastewater

Table 2 shows the characteristics of the concentrations of raw wastewater during the 4 re-
search campaigns (October 2017 to August 2018).

The average pH value of the influent wastewater was 7.5, which is slightly alkaline, and the
average temperature was 24.9 °C. The average concentration of the N___ was 559 mg L-1, and
the NH_-N represents 70.3% of the N

was in organic form. The average PO, -P concentration was 10.1 mg L. The average concentra-

Total

o Which is 29.7% of the nitrogen that enters the 1+ stage
tions of COD and BOD, (biological oxygen demand) were 699.9 mg L' and 344.3 mg L respec-
tively, which turn in a BOD, / COD ratio of 0.49 that indicates that any biological treatment can
be applied to wastewater (Von Sperling & Chernicharo, 2005). The COD, BOD,, SST, and Turbidity
present high standard deviation, which means the data is dispersed concerning the average,

and therefore there is a higher standard error.

Table 2. Characteristics of the concentrations of raw wastewater

during the 4 research campaigns.

Unit Concentration

coD mg L 699.9 * 276.6
BOD, mg L 344.3 £149.7
SST mg L 584.9 * 471.9
N,.. mg L 55.9 *14.0
NH,-N mg L 393+83
PO,-P mg L 101+2.8
Turbidity NTU 476.6 +239.5
pH - 75+0.5
T (°C) 249+ 2.4
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Hydraulic loads

The hydraulic load results applied to the ¢t and 2" stage of the French System are shown in Table
3. For practical purposes, the hydraulic load applied in the st stage was the average of the two lines;
instead, the hydraulic load applied in the 2" stage was only the one calculated in line 2 (see Figure 2).

The hydraulic loads applied in campaign 3 for the 15t and 29 stages were 0.329 m d' and 0.395
m d”' respectively. These values are similar to those proposed by Dotro, Langergraber, Molle, Ni-
vala, Puigagut, Stein, and Von Sperling (2017) (maximum design hydraulic loads) related to one
of the active lines in the 1tand 2"¥ stage under temperate conditions (0.37 m d).

The small variations in hydraulic load applied in the 1t stage are because the power of the
pumps was not controllable. The pumps were operating at maximum capacity during the ope-
ration periods. Although the pumps manufactured are similar, they do not generate the same
volumetric flow generating different hydraulic loads for each of the lines. Other factors were the

pipe connections and valves of the installed system.

Table 3. Hydraulic loads applied to the 1t stage (French cell) and line 2 of the 2" stage (vertical

flow subsurface wetland) of the French System.

: 1t stage 2" stage
Campaign X .
Line 2 Average Line 2
I m d” 0.125 0.n3 0.119 0.143
Il m d”’ 0.254 0.247 0.251 0.301
1] m d”’ 0.338 0.319 0.329 0.395
v m d’ 0.449 0.483 0.466 0.589

Treatment efficiencies

Table 4 show the pollutant removal efficiencies of the 1*t and 2" stages, and the whole system
(1st + 2" stage) during the 4 research campaigns. The removal efficiencies in the 1st stage were >
79.9%, > 83.3%, > 96.0%, > 58.2%, > 53.0%, and > 39.3% for COD, BOD,, SST, N NH,_-N, and PO,-P

respectively. The results obtained are higher than those registered by Molle, Liénard, Boutin,

Total’

Merlin, and Iwema (2005) for moderate climates and similar to those registered by Lombard and
Molle (2017) for temperate climates regardless of the operating hydraulic load.

The removal efficiencies in the 2" stage were > 84.5%, > 76.7%, > 79.2%, > 38.1%, > 81.6%, and >
22.5% for COD, BOD,, SST, N

than those recorded by Molle, Liénard, Boutin, Merlin, and Iwema (2005) for moderate climates

orar NH,-N, and PO, -P, respectively. The results obtained are higher
and lower than those recorded by Gomez (2017) for temperate climates, regardless of the ope-
rating hydraulic load.

The removal efficiencies of the whole system (1st + 2" stage) were > 97.7% in all Research
Campaigns for COD, BOD,, and SST, and NH _-N > 91.5%, these results are even higher than those
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registered by Molle, Liénard, Boutin, Merlin, and Iwema (2005) for moderate climates and similar
to those established by Platzer, Hoffmann, and Miglio (2016) for temperate climates regardless

of the operating hydraulic load. Likewise, for the N and PO,-P they present significant effi-

Total
ciencies in all campaigns > 76.2%, without considering the result of PO,-P in campaign 4.
However, during field observations, it was noted that in campaign 4 of research, there were
signs of clogging and slower passage of residual water over the filter in the 2 stages of the Fren-
ch System. These indications must be confirmed by working with a longer operating time under

the operating loads indicated in each investigation campaign.

Table 4. Efficiency of removal of pollutants from the whole system (1t + 29 stage)

during the 4 research campaigns.

« ctn. ..
Affluent FuiCCIREE Effluent 2" stage stEff'ﬂency
Campaign ge 1st + 2" stage
mg L’ mg L’ mg L %
| 497.6 100.0 10.3 97.9
Il 8276 921 1.2 98.6
COD
11 856.3 81.2 12.6 98.5
v 465.1 73.1 10.6 97.7
| 2541 425 5.0 98.1
Il 546.0 38.2 7.9 98.6
BOD,
] 372.0 295 6.9 98.2
v 220.1 28.4 31 98.6
| 378.2 15.2 1.8 99.5
I} 540.3 15.9 3.3 99.4
SST
11 1019.2 19.0 15 99.9
v 207.3 8.3 1.6 99.2
| 55.0 23.0 10.0 81.8
N S Il 65.5 23.7 10.2 84.5
Tora! i 64.2 19.0 9.8 84.8
v 47.0 18.1 1.2 76.2
| 42.8 20.1 3.0 92.9
Il 42.6 19.6 3.6 91.5
NH,-N
11 37.0 16.2 1.8 95.2
v 36.7 16.7 2.6 92.8

3 N, 10 mg N.L7, maximum allowable value (VMA) for recharge of aquifers by localized percolation through the ground

or by direct injection. RD 1620/2007 Legal regime for the reuse of treated wastewater in Spain.
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| 7.2 43 16 77.8
1 10.2 45 12 87.9
PO,-P
1l 12.6 6.2 2.9 76.6
\Y 8.2 5.4 42 49.1

Wastewater reuse in forestry
The Urban forest can be considered a goods solution (Randrup et al., 2020) which has several
benefits: regulating urban microclimates, filtering air pollution, providing shade, capturing CO,,
and regulating temperature. Within the framework of SDGs 11, they can help citizens have ac-
cess to safe, inclusive, and accessible green areas and public spaces for the development of so-
cial, cultural, and sports activities. However, as can be seen in Figure 4, in Lima, since 2005, more
than 200ha have been reforested each year but from 2015 to 2018 this number has decreased

considerably.
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Figure 4. Area reforested annually in the city of Lima-Peru. Source: MINAM, 2021.

On the other hand, the urban forest requires “a planned development and maintenance
approach” (Schwab, 2009), where water is the key element for its proper functioning. Although
reforestation is undoubtedly beneficial, each tree consumes water and in this coastal city water
is not an abundant resource. That is why it would be optimal to use treated wastewater for irri-
gation of afforestation in the city of Lima.

Evaluation of microbiological quality for the reuse of wastewater in forestry

Table 5 shows the microbiological quality parameters for irrigation reuse purposes. The resul-
ts in the tributary fluctuate between 2x108 - 4x108 NMP mg L™ for the CT, and at the same time,
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these are similar to those found by Platzer, Hoffmann, and Miglio (2016) for a similar design of
the French system under the same climatic conditions. Likewise, the HH fluctuates between
205-2200 N ° L.

The high removal of CT in the 1¢t and 2" stages of the French System is due to sedimentation
and filtration in the first 20 cm of the filter medium (Sleytr, Tietz, Langergraber & Haberl, 2007)
and the elimination of HH, possibly due to the porosity of filters (Jimenez, 2007).

Table 5. Characteristics of the concentrations of thermotolerant coliforms (CT) and helminth
eggs (HH) in wastewater treated in the SF during 4 campaigns.

Effluent Effluent WHO regulations WHO regula-

Campaign effluent 1stage 2"stage Restricted irriga- tions Unrestric-
SF SF tion ted irrigation
I NMP ml” 2x108 4.5x10° 2.5x10°
oT Il NMP ml” 4x108 6.7x10¢ 3.4x10°
i NMP ml"  3.4x107  3.9x10° 1.6x10% =1 <10°
A" NMP mI?  2.8x10° 1.6x10° 4.7x10°
| Ne L? 2200 (0] o
Il Ne L? 485 (0] 0o
HH
1 Ne L 205 0 0 . <1
v Ne L? 13 (0] o
CONCLUSIONS

The characterization of the physical, chemical, and microbiological properties of the effluent
from the “French System” as a whole (15t + 2" stage), indicates an efficiency superior to 90% of
elimination of COD, BOD,, N, . P
the values (9.8 + 2.9 - 11.2 + 21 mg N / L) indicate that the effluent can

Total®
Regarding the N,
have an environmental use both for recharging aquifers by localized percolation through the
ground and by direct injection (RD 1620/2007 - Catalunya). This indicates that a post-treatment
would not be necessary for its use in forest irrigation and that it would not affect the quality of
the aquifers.

The microbiological evaluation carried out during 4 campaigns showed values of Thermoto-
lerant Coliforms (1.6 x10% - 7x10°> NMP ml”) and of Helminth Eggs equal to O N ° egg L7, showing

that French System produce AR with optimum quality for use in afforestation irrigation.
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Abstract

Despite the proven vital importance of freshwater ecosystems for huma-
nity, those continue to be subjected of accelerated ecological degrada-
tion. Floating wetland islands (FWI) - one of bioengineering technologies
classified as nature-based solutions — have shown ability to assist the re-
duction of nutrient concentrations, improving water and habitat quality
for wildlife. Therefore, if properly used, FWI can be important tools for
assisting the sustainable management and the rehabilitation of these
ecosystems. Herein, are presented two proposals for FWI installation: one
concerning the water and habitat quality improvement of an urban river
section (Case 1); the other aiming the reduction of the small fish farm
outflow impact on downstream water quality and the improvement of
reared fish welfare (Case 2).

T Centro de Investigagao de Montanha (CIMO), Instituto Politécnico de Braganca, Campus de Santa Apolénia, 5300-253
Braganga, Portugal, geraldes@ipb.pt.

2|nterdisciplinary Centre of Marine and Environmental Research (CIIMAR/CIMAR), University of Porto, Novo Edificio do
Terminal de Cruzeiros do Porto de Leixdes, 4450-208 Matosinhos, Portugal, cristina@calheiros.org

103



APPLICATION OF FLOATING WETLAND ISLANDS FOR WATER AND HABITAT PROMOTION
IN TWO CONTEXTS: URBAN RIVER AND SMALL FISH FARM

INTRODUCTION

Societies and ecosystems are highly dependent on water resources. Therefore, a strategic
water management is critical to achieve sustainable development, in all its dimensions (UNES-
CO, UN-Water (2020)). When considering specific water bodies that are subject to certain types
of contamination or pressures, like some rivers, lakes, and aquaculture production sites, the
water quality assessment and mitigation plan pose a major concern. It is thus important to find
sustainable solutions to pollution mitigation and biodiversity promotion. Several contaminants
can be biologically degraded, or uptake by plants, through the application of phytoremediation
technologies, such as wetland systems (constructed or floating) (Calheiros 2015, 2020). Floating
wetlands islands (FWI) are an innovative variant of the traditional constructed wetlands, being
a man-made ecosystem intending to mimic the depurative processes that naturally occur in
wetlands. Their main applications have been related with the treatment of stormwater, sewage,
eutrophic lake water and water supply reservoirs (e.g., Colares et al, 2020; Bi et al, 2019). However,
there is a great unexplored potential for FWI application in other situations, such as urban rivers
and fish farms.

Urban rivers and streams are crucial to cities, because they provide environmental, cultural
and aesthetical services that are essential to maintaining urban environmental quality (Hua &
Chen, 2019). Nevertheless, in urban areas there is a range of stressors impacting the integrity
of these ecosystems, namely high nutrient levels and contamination resulting from point and
diffuse loadings arriving from several sources. Besides, many of the so called “urban river reha-
bilitation actions”, carried out either the past, either recently, promoted the regularization of the
riverbeds and the riverbanks leading to riparian wood elimination. The environmental conse-
guences of fish farming can be potentially negative. Reduction in dissolved oxygen, increase in
biochemical oxygen demand (BOD) and in nutrient concentrations downstream are the main
consequences if fish farms are carried out without effluent treatment (Fidalgo, 2002; Crispim et
al 2009). Besides, another issue is fish welfare (Braithwaite and Salvanes, 2010).

The main objective of this study is to present two proposals for FWI installation: one concer-
ning the water and habitat quality improvement of an urban river section -Fervenca River- (Case
1); the other aiming the reduction of the fish farm outflow impact on downstream water quality

and the improvement of reared fish welfare (Case 2).

METHODS

Case 1: The Fervencga River is located into Portuguese part of the Douro basin (latitude: 41°47'N;
longitude 6°46'W), is about 25 km long, and it is regarded as an urban river, because flows throu-
gh the city of Braganca (21 853 inhabitants in 2011). Along its course it encounters nonpoint sour-
ces of pollution, originated by agricultural activities, and point sources of pollution from some

villages located in the vicinity. Further downstream, in the core urban area, along 630 m riverbed
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was regulated with five weirs, an artificial concrete riverbank was created and the riparian wood
was partially eliminated (Fig 1).

Figure 1. Fervenca river section located in the core urban area (A-C).

Point source of pollution (D); algal summer blooms (E,F).

Case 2: Posto Aquicola de Castrelos, is a small fish farm unit of governmental services: the Por-
tuguese Conservation of Nature and Forest Institute (ICNF). Located in northeastern Portugal
(4150’ N; 6° 53'W) in the right bank of Baceiro River, a mountainous oligotrophic river, is mainly
used to rear brown trout (Salmo trutta) and endemic cyprinid for fish stocking and conserva-
tion. Fish are grown in outdoors concrete tanks, in a flow through system, and the effluents are

discharged untreated directly into River Baceiro (Douro basin) (Fig 2).

Figure 2. Posto Aquicola de Castrelos facility (the red arrow points the outdoor tanks)
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For both cases, the following steps were carried out: i) Diagnosis of the current environmental
state; ii) Evaluation of which areas could be targeted for the installation of FWI; iii) Presentation
of a preliminary proposal for the installation of FWI. The necessary information supporting both
proposals was obtained from literature.

RESULTS AND DISCUSSION

Case 1: Large variation range was observed in all studied parameters related to water quality.
The concentrations of total phosphorus and phosphates were the highest in the summer when
the flow was reduced (Nogueira, 2020). In this area, mainly during the summer, algal blooms,
generally occur. The water quality as well as the visual quality of the landscape is negatively
impacted when these blooms occur (Fig 1). Nevertheless, this river section still supporting fish
species, including endemic species of river Douro basin, as well as water birds and, amphibians.
Besides, the otter (Lutra /utra) occasionally visits this river section. Therefore, the main goal of
the present plan is to recreate environments for habitat, assist pollution and algal blooms re-
duction in the river and ultimately to promote recreational and educational activities in the area.
According to the available literature the FWI installation could allow to reach the mentioned
goals. However, the present proposal should consider the following issues:

a) FWI should be placed along the urban section of the river nearby the fully artificialized
riverbank in order to increase habitat availability and to prevent the dragging by the high
winter river flow;

b) The local ecotypes of macrophytes, whose ability to remove nutrients is well known (e,g.,Juncus
effusus, Iris pseudocorus, Typha sp. and Phragmites australis) should be preferentially used.

c) The extent of coverage area, in a first approach, should be at least 10% of urban riverbed
area (e.g., Grosshans et al, 2019). Nevertheless, a future design study taking into account
different scenarios of polluting loads and expected removal rates should be carried out in
order to adjust the extent of surface coverage.

d) Vegetate the vertical concrete wall using vertical fencing structures, allowing the future
installation of local riparian shrubs and trees. This will introduce new hydrological patterns
promoting sediment retention and new habitats.

e) Periodical and long-term monitoring should be essentially focused on (1) the integrity of
the beds and monitor the development of vegetation .and of the associated biofilm; (2)
the effects of FWI on water quality and aquatic ecosystem integrity methods (e.g., nutrient
concentrations macroinvertebrate and diatoms indices); (3) monitoring fish, amphibian
and bird populations;

f) Involvement of municipality and other stakeholders;

g) Promotion of educational activities in schools and in other public places concerning the
importance of freshwater ecosystems for humanity.
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The expected environmental and aesthetic outcomes are presented in Fig. 3. Socio-Economic
outcomes are also expected (more walkways, bring more life to this area of the town, revitalize
small business along the river edge and more educational, cultural and recreational activities

along the urban riverine area.

Figure 3. Simulation the environmental and aesthetic effects of FWI placement.

Case 2: Increase on BOD, ammonia, total phosphorus and chlorophyll a and suspended so-
lids was observed by Fidalgo (2002) in the riverine sampling site located near fish farm outlet
discharge. Nevertheless, such effects were not persistent for a long distance downstream. Since
the “modus operandi” of this facility did not change in time it is expected that mentioned effec-
ts still occurring, nowadays. Besides, mainly in summer, when water temperatures are higher,
fish mortality in outdoor tanks can be significant. Recently, in a very preliminary way, FWI and
fluctuating macrophytes were placed the tanks to create refuge for fish and to control water
temperature in summer (Fig 4). Crispim et al (2009) verified that macrophytes and root associa-
ted biofilm could be a valuable to preventing eutrophication in small-scale fish farming. The-
refore, the implementation FWI in Castrelos should be design both in order to create adequate
refuge for fish and to effectively remove the nutrient excess, preventing negative impacts in
water quality of tanks and in Baceiro River. Nevertheless, before FWI implementation research
should be carried out in order to evaluate:

a) The adequate macrophyte coverage area to effectively remove nutrients considering food

requirements, fish density and N and P excretion rates;

b) The adequate macrophyte coverage area to effectively increase fish welfare;

c) How fish can influence the growth of plant root associated biofilm;

d) The efficiency of the combination of submerged and /or fluctuating plants with FWI.

The expected outcomes with the FWI installation are the reduction in mortality and the in-
crease of fish condition due to the improvement of water and habitat quality leading to better

levels of welfare.
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Figure 4: Tanks with fluctuating macrophytes (A) and (B) with FWI in February 2021.

CONCLUSIONS

FWI are nature-based solutions that provide an array of ecosystem services, and are charac-
terized by being multifunctional. As both case studies had shown, FWI can be used in different
scenarios, being extremely flexible technologies, assisting to the sustainable water resource ma-
nagement, uploading the depuration capacity, improving water, habitat and landscape quality
and ultimately promoting biodiversity or, in case of fish farming, fish welfare. Nevertheless, the-
re is still lack of knowledge concerning ecological fundamentals of aquatic ecosystems and fact
that “each aquatic ecosystem has its own nuances” can limit the use and the efficiency of this

technology if previous research and good monitoring design are absent.
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SUPPORT STRUCTURE FOR HELOPHITE
AQUATIC PLANTS. AQ3M +

Ownership: QUARQ ENTERPRISE SA (100.0%)
Inventor: CARBONELL ESPIN, Francisco Javier.
Utility model: ES1225763

1 DESCRIPTION
Support piece for helophyte aquatic plants (AQ3M +, MODULE or TILE).

2 FEATURES

— Measurements: 720 x 588 x 62mm.

— Opening between pieces: 1 mm.

—Volume: 936.1 cm?.

— Material: Polypropylene + expander.

- Allowable planting density (44 plants per square meter).
- Weight: 633 g / piece.

- Density: 0.68 g/ cm?.

- Maximum weight supported: 303 g per piece

— T-section.

3 TECHNICAL SECTOR

The present invention refers to the support for helophyte aquatic plants, intended for the
natural purification of water.

The support structure is formed by a plurality of modules laterally coupled to each other to
form a laminar surface that is placed on top of the water to purify it.
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The object of the invention is to provide a modular structure, which is characterized by its low
weight, rigid and flexible thanks to the collateral coupling between modules.

4 BACKGROUND OF THE INVENTION

As is known, helophytic aquatic plants are used for the purification of water being situated
on floating structures.

There is a suspension system for helophyte aquatic plants, based on modules that can be
coupled. Where each module includes three parts, one corresponding to the floating structure
itself, another corresponding to the supports of the receptacles where plants are to be arranged
helophyte aquatic plants, and another corresponding to said receptacles. In such a way that the
manufacture of these modular systems is expensive, regardless of the problem that results in
stacking, transporting, storing and even handling.

In the patent of invention ES 2490515, owned by the applicant himself, a series of improve-
ments is described on floating structures for helophyte aquatic plants. Improvements that are
fundamentally based on the fact that each module is a one-piece body, including perimeter
and in certain parts of it, complementary inter-coupling elements, to form a structure with the
desired dimensions to place it on the water, and the seedlings directly on this structure.

The problem of this system is that the inter-coupling between modules is rigid, which in si-
tuations of waves, strong winds, etc., can affect the structure of the modules, damaging them,
and may eventually split due to fatigue.

Furthermore, the structure of each module is tubular in order to achieve an efficient and
correct buoyancy, which obviously implies an excessive expenditure of material in the face of
non-tubular structures.

5 EXPLANATION OF THE INVENTION

The proposed structure, based on the modular suspension structure of helophyte aquatic
plants for natural purification of water described in the patent of ES 2490515, presents a series of
improvements from which substantial advantages and new benefits.

For this, and more specifically, the new system presents the particularity that instead of being
tubular, it presents a “T"” section, with the consequent material savings, achieving high buoyan-
cy as a consequence of the material, polypropylene base, internally incorporates an expander,
which allows optimal buoyancy even though the section is in “T".

Another novelty feature is that the inter-coupling means established between modules are
mobile, for which it has been envisaged that some sections have cylindrical portions in which

complementary elements fit as a clamp provided in other sections of the perimeter of each mo-
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dule, forming a tilting joint, like a hinge, which confers flexibility to the whole. In this way, it is
possible to mitigate risk of breakage of the structure in the event of inclement weather, waves,
or the very tension that the development of the plant supposes on the plastic structure itself.
All of this in such a way that by virtue of this structure, mobility between modules makes it pos-
sible to establish rotation angles between modules, improving buoyancy and implying greater
security that the aerial part of the plants will remain above the level of water, mitigating the risk
of gaps.

Likewise, the admissible weight of the plants is increased at the time of planting, which
allows the use of more developed plants or with a larger root ball, which limits the risk of gaps
and increases the resistance of the plant to stress derived from transplantation, also achieving
a higher performance of the installation in less time.

Finally say that the section in “T" of the sections that form the structure of each module sees
increased resistance of said structure with a lower weight of it.

Besides, it should be noted that the structure of each module includes two floats that allow

the density to be decreased and the structure's resistance to breakage increased.

6 DESCRIPTION OF THE DRAWINGS

To complement the following description and in order to help a better understanding of the
characteristics of the invention (Patent), according to a preferred example of practical realiza-
tion, a set of plans where, with an illustrative and non-limiting nature, the following has been
represented:

- Figure 1.- Shows a perspective view of the structure of a support with seedlings located on
the receptacles that incorporates the structure, all of this made in accordance with the ob-
ject of the present invention.

- Figure 2.- Shows a detail from the lower part of one of the vessels and the inter-coupling
system between supports.

- Figure 3.- Shows a plan view of several modules inter-coupled with each other.

- Figure 4.- Shows a perspective view of a detail corresponding to the inter-coupling be-
tween modules.

- Figure 5.- Shows a perspective view of the intercoupling system of the previous figure.- Fi-
gure 6.- Shows a perspective view corresponding to the angulation that two supports or

modules can form with each other.
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FIG. 3 4

7 PREFERRED EMBODIMENT OF THE PATENT INVENTION

In view of the figures outlined, it can be seen how the support for helophyte aquatic plants
for natural water purification is intended to participate in a system that comprises a plurality of
modules (1), made in one-piece bodies obtained by polypropylene injection with an expander
inside, presenting a reticular structure based on “T" section profiles.

Each module or one-piece body has a hexagonal mesh-like configuration, including on cer-
tain sides of the perimeter cylindrical sections (2) that fit together in forks (4) as wedges, being
retained by teeth (3) established in the upper ends of said forks (4), said forks (4) and cylindrical
sections (2) being established on opposite and complementary sides in the formation of the
mesh from the modules, as clearly represented in figure 1, obtaining thus a flexible and mobile
inter-coupling between modules (1), said inter-coupling being secured by the inclusion of the
forks (4) of folding closing elements (5), visible in Figures 5 and 6, which completely close the
mouth of said forks (4) once the cylindrical sectors (2) have been inserted.

Finally, it only remains to point out that each module includes a pair of floats (6), counting
with the appropriate receptacles (7) where the root balls of the helophyte aquatic plants are
arranged (8), so that they can purify the water.

8 CLAIMS

1st.- Support for helophyte aquatic plants, usable in water purification and that in combina-

tion with other supports of the same type, inter-coupleable collaterally with each other, allow
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to form a floating structure carrying a series of vessels (7) for aquatic plants helophytes, the
set presenting a mesh-like structure that is arranged on the water, each support or module
constituting a one-piece body made of injected plastic, equipped on its perimeter with comple-
mentary elements for inter-coupling with other modules, characterized in the support is made
of polypropylene with an expander, presenting a structure based on “T" section profiles, and
equipped on the perimeter with cylindrical sections (2), intended to be coupled on wedges or
forks (4) established in perimeter sections, opposite and complementary, defining a means of
articulated coupling between modules (1).

2%, - Support for helophyte aquatic plants, according to claim 1, characterized in that the struc-
ture of each module (1) includes a pair of floats (6).

3% - Support for helophyte aquatic plants, according to claim 1, characterized in that the we-
dges or forks (4) include at their upper end teeth (3) for retaining the cylindrical sections (2), as
well as folding closing elements (5) for its embouchure.

9 COMPLIANCE WITH THE MINIMUM REQUIRED
CHARACTERISTICS OF THE PIECE AND FLOATING
STRUCTURE IN ORDER TO BE A NEW TECHNOLOGY
OUTSTANDING SMAGUA 2016

Each support piece or support module of the AQ3M + floating structure allows the stability
and buoyancy of the seedlings during the initial phases of their development, being a single
piece that, once assembled to the others, achieves flexibility, ergonomics and variable rigidity,
sufficient to resist any inclement weather.

This piece includes the system for fixing the plants, which facilitates their placement, the
growth of the plant upright and that of its rhizome by breaking the flooded part of the vessel of
the structure in a natural way with the only root growth of the helophyte.

The assembly of the individual modules (tiles) is sequential and occupies the entire surface of
the water sheet to avoid preferential flows.
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The union between tiles is mobile, hinge type, thus achieving the necessary flexibility in the
structural assembly, mitigating the risk of breakage of the floating structure in the face of in-
clement weather, waves, and variations in the water sheet or the tension that the development
supposes of the plant on the plastic structure. AQ3M + additionally has notches, necessary for
the orderly positioning of cable ties as a safety reinforcement.

The module is reticular allowing the passage of light and solar radiation to the rhizomes of
the plants.

It includes an expander in the material of its composition to reduce the density of the polypro-
pylene structure without reducing the resistance to breakage.

It includes floats that decrease the density of the piece and increase its resistance to breaka-
ge, implying greater security so that the aerial part of the plants remains on the water sheet,
mitigating the risk of gaps and increasing the admissible weight of the plant at the time of its
placement in the support piece, which allows the use of more developed plants or those with
a larger root ball, mitigating the risk of gaps and increasing the resistance of the plant to the
stress derived from transplanting the plant to the water surface.

The module has a solid section and an expander and its T-shaped cross section increases the

resistance of the structure with a lower weight.

10 SUMMARY AND CONCLUSIONS

— AQ3M + JOINS IN 10 POINTS WITH CLICK PRESSURE HITCH AND HINGE.

- AQ3M + HAS THE SUPPORT OF PLANTS INCORPORATED TO THE STRUCTURE AND WITH
BREAKING THE SAME AT THE GROWTH OF THE PLANT TO FAVOR ITS VERTICALITY AND
RADICULAR JOINT.

— AQ3M + S SOLID with expander, T-PROFILE and high buoyancy as it has two floats integrat-
ed into the structure itself.

— AQ3M + Covers the entire sheet and allows tilting without breakage of up to 45° in both

directions.

- AQ3M + [t is stackable. Quick and easy to assemble.

- AQ3M + Allows up to 16 plants per piece, which allows a rapid formation of the sieve.
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PROCEDURES FOR THE PRODUCTION OF
AQUATIC PLANTS FOR THE PURIFICATION
OF POLLUTED WATER BY MEANS OF
POLLUTED WATER BY FLOTATION SIEVES
OF HELOPHYTES OF THE GENUS THYPA

Property: QUARQ ENTERPRISE SA (100.0%).
Author: CARBONELL ESPIN, Francisco Javier.

1 BACKGROUND

Much is known about the optimal seed germination conditions of typha genus species,
however, not so much in terms of plant production processes and there are some direct plan-
ting protocols. In such conditions a significant amount of seeds are lost and plants obtained
from root deficits.

2 OBJECT

It is the establishing the procedure for the production of aquatic plants for the purification of
contaminated water, of the genus Typha, as raw material applicable to the water bio depuration
sector by sieves of helophytes in flotation, in a simple, effective, economical way, at any time of
the year and anywhere in the world.
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PROCEDURES FOR THE PRODUCTION OF AQUATIC PLANTS FOR THE PURIFICATION OF POLLUTED
WATER BY MEANS OF POLLUTED WATER BY FLOTATION SIEVES OF HELOPHYTES OF THE GENUS THYPA
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In the pictures, you can see three plants selected based on their plant growth, root and infer-

tility and higher resistance to cold.

3 PROCESS OF CONSERVATION, GERMINATION
SEED AND PRODUCTION OF PLANTS

The procedure that is preconscious allows obtaining in a simple and economical way plants
of the genus Typha spp. It based on an effective and rapid process of seed germination, ob-
taining plants with good root development and aerial development, with lower needs of time
and nutrients, and with a lower cost in obtaining the plants finally, in order to make it extenda-
ble to any species of genus typha and develop it anywhere in the world.

The procedure includes:

- Conservation of seeds intended for the industrial production of Typha seedlings.
- Germination of seeds for the industrial production of Typha plants.

- Root diversification for industrial production of Typha plants.

- Empowering foliar development in the early stages of Typha seedlings.

Conservation

Seed conservation conditions are protocolized according to standard and basic environmen-
tal conditions for seed stabilization and durability over long shelf life periods and which can
reach more than 30 years.
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PROCEDURES FOR THE PRODUCTION OF AQUATIC PLANTS FOR THE PURIFICATION OF POLLUTED
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In the case of Typha seeds, found in a membranous fruit with a feathery appendix called
“ginoforo”, mechanical removal of the membrane and ginoforo is projected with a sieve system.
Once the seed has been removed from the fruit, the process of preparing the seed for its con-
servation, proceeding at first to a prior drying of the seeds once their maturity and viability have
been confirmed with germination percentage above 80%. Drying occurs under controlled tem-
perature conditions, between 20 and 25°C and 2% humidity, under an air current with an avera-
ge speed of 3-8 m/s. The drying process ends when the seeds reach a moisture value below 6%.

The seeds dried in the conditions and with the preparations mentioned, are placed in airti-
ght, opaque bottles, in an amount ranging from 500-600 g/bottle, allowing an average of be-
tween 18-25 x 10° seeds/bottle.

These bottles with dried seeds are stored in a chamber where environmental conditions are

controlled, with a temperature at 5°C and a constant humidity below 20%.

Germination

The seed germination stage includes first the rescue of stored seeds, obtaining seeds in num-
ber of 1.5 times the expected needs since the average weight of the seeds is around 0.02 mg. The
extracted seeds are passed through a laminar flow chamber to proceed with their irradiation,
in order to avoid the presence of germs that prevent germination or contaminate the materials.
The seeds then temper the prevailing environmental conditions, which in no case can be found
outside a 35% to 60% humidity, 15° to 25° C, and a brightness between 1,000 and 2,500 lux. In
these conditions the seeds are submerged for 24 hours to moisturize them and move on to the
germination process, developing wetting in slightly saline water and with pH between 6.5-7.5.

Once the seeds are moistened, the seeds are then forced to germinate, in order to have be-

tween 70-90% of the seeds germinated (with rootlets of more than 2 mm), in at least two days.
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Root diversification

The root diversification stage includes first the transfer of germinated seeds to a container
with special substrate intended for the diversification of seedling roots, in order to obtain plants
with a high number of secondary roots that allow better grip and subsequent development in
the areas of lagoon to which they are intended.

That special substrate will contain 25% black peat, 10% blonde peat, 25% fine sand, 20% thick
sand and 20% natural sludge, with the particularity that the containers on which the substrate
will be placed and seedlings will be of a volume ranging from 50 to 100 cm?3, with dimensions
that will in no case exceed 4 cm in height.

These containers shall have perforated bottoms to ensure that water and nutrients are added
to nourish the seedlings in order to stimulate development and especially root diversification.

Substances that will stimulate root development will be found in solution with other subs-
tances and will be offered deferred with a frequency of one dose each week of 4-8 times, so that
the solution that stimulates root diversification will be composed of humic acid, Indole-3-bu-
tyric acid (IBA), ammonium, potassium and sodium.

For 4-8 weeks the seedlings activated in root development and diversification, so that after
that time they will be assessed, having been estimated as optimal values to achieve root deve-
lopment which plants should have more than 8 secondary roots per plant and an average root
weight of 6 g per plant. Where sampling of the seedling population allows at least 75% of plants
to be available at the optimum level, transplantation shall be performed in containers for foliar
development.

Foliar development
The stage of enhancing foliar development includes first the passage of seedlings to a new

container with a volume ranging from 200 to 350 cm?, and where the dimensions of the contai-
ner must in no case exceed 12 cm in height (length), the bottom of the container perforated at
the base must be up to 1/4 of the length of the container.

These seedlings shall be placed on a nutrient-rich substrate and under irrigation conditions
with high concentrations of nutritious substances, in order to stimulate foliar development and
facilitate the rapid production of a plant intended for commercialization.

This substrate on which the seedlings will be planted will have 40% black peat, 25% blonde
peat, 20% sludge and 15% fine sand. In addition, irrigation with nutritious substances will be irri-
gated in an aqueous solution having urea, liquid fertilizer (nitrogen, potassium and phosphorus)
and Indole-3-butyric acid (IBA).

The application of the nutritious substances will be organized following a protocol that de-
pends on the prevailing environmental conditions, with applications being necessary two to
three times in the months of maximum illumination (summer-spring) and once to twice in the
months of medium or low lighting (winter-autumn).
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Together with the application of nutritious substances, plants will have periodic preventive
applications with phytosanitary substances, in order to eliminate potential pathogens, applying
mainly pyrethrins and antifungals, with a monthly frequency.

Optimal foliar development conditions in plants shall be reached between 1 and 2 months
and shall be estimated, following the established protocol. The optimal level is where the plants
will be at least 50 cm tall and at least 80 g of foliar dry weight.

It is estimated as an optimal value for having populations of plants with adequate develo-
pment, when at least 80% of the plants are above the optimal level established, so that when
these levels are reached, commercial quality plants are available suitable for their exit from the

industrial production process.

4 PRACTICAL AND AGRONOMIC GUIDE
TO PLANT PRODUCTION

1. Locate the inflorescence of the Typha, in it are the fruits with the seeds.
2. Once the inflorescence begins to crumble, it is time to extract the seed contained in the
fruit.

3. Detail of the fruit of the Typha. It consists of seed and a feathery structure called ginoforo,

which allows its dissemination by the wind.

4. Once the seeds have been extracted together with the ginoforo or vilano, they are deposi-
ted in a clean tray for humidification. Water is deposited on the seeds until they are floated.
With the tweezers the seeds are removed until they are soaked, this action is repeated for
several days. The temperature is maintained between 20-28°C by using a heating bed in
addition to covering the tray with clear plastic to increase moisture. Trays are placed in an

illuminated place, without direct sunlight.
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5. After 4-6 days fine green strands begin to be appreciated, the seeds have begun to ger-
minate. Keep the tray unchanged for another week until it is sized enough for transfer to
substrate trays. Week after germination, the small groups of strands are carefully removed
with long tweezers. Threads are deposited in trays with growth substrate. The trays must
be perforated at their base, may or may not be divided into sockets. The substrate compo-
sed of peat, fine sand and natural mud must be porous, so that moisture is contained but
not formed.

6. The trays must always be moistened, for this they are placed on a surface with several cen-
timeters of water so that it ascends to the substrate by capillary thanks to the perforations.

7. Trays should be placed in a well-lit place, but without direct sunlight. The temperature
is maintained between 20-28°C by using a heating bed in addition to covering the tray
with clear plastic to increase moisture. These conditions are maintained by providing water
when necessary until the seedling reaches about 5 cm in length, the approximate time is
20-30 days.

8. Once the plant reaches 5 cm, the whole plant is removed and with the hands are carefully
separated, obtaining groups of 3-4 plants that are transferred to another tray where they
are planted by inserting the roots into the substrate. The same conditions of humidity, ligh-
ting and temperature are maintained.
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9. When the plants have acquired about 15 cm in height, after approximately 15 days, a new
rinse and transplantation of the young women to the individual seedbeds is carried out

and placed in the greenhouse.

In these conditions, after another 15 days, its development is completed until it has a popu-
lation of 80% of plants 50 cm high, this being the optimal size for its exit from the greenhouse.

5 CLAIMS OF THE PLANT PRODUCTION PROCEDURE

The procedure of the invention is intended to obtain industrial quantities of typha spp. see-
dlings, used as raw material for the biodepuration of contaminated water, forming sieves or
green filters of plants Aquatic.

The process includes the stages of seed conservation, seed germination for the industrial
production of Typha plants, root diversification and an enhancer of foliar development in the
childhood stages of seedlings, all according to a simple, economical process of making and with
total efficiency in obtaining the plants.
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A SUSTAINABLE APPROACH FOR DOMESTIC
WASTEWATER TREATMENT IN RURAL
AREAS USING NATURE-BASED SOLUTIONS

A.l. Ferraz' - J.M. Alonso' - F. Pereira?- P. Alves?. C. Calheiros?
A.C. Rodrigues!

Abstract

Based on the assessment and benchmarking of the wastewater services
quality according to Portuguese standards and the identification of im-
provement opportunities, the present study aimed to develop a proposal
for a sustainable solution for domestic wastewater treatment supported
on natural systems. The main focus was to increase physical accessibility
to the service and enable treated wastewater reuse in rural areas. For a
small community in a Portuguese Municipality located in the Alto Minho
region, with no available sanitation service, it is presented both a treat-
ment system design, consisting on a bar screening, a septic tank, a sub-
surface horizontal flow constructed wetland and UV disinfection, and its
localization definition supported by geographic information analysis. Re-
garding the relevance to develop similar approaches in the future, this
study highlights the need and opportunity to develop spatially explicit
models as decision support in the definition of sustainable solutions for
the treatment of wastewater in low density areas.

' proMetheus, Instituto Politécnico de Viana do Castelo, Rua Escola Industrial e Comercial Nun'Alvares, 4900-347 Viana
do Castelo, Portugal, aferraz@esa.ipvc.pt, malonso@esa.ipvc.pt, acrodrigues@esa.ipvc.pt
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A SUSTAINABLE APPROACH FOR DOMESTIC WASTEWATER TREATMENT
IN RURAL AREAS USING NATURE-BASED SOLUTIONS

INTRODUCTION

According to the Portuguese legal framework the urban wastewater service is considered an
essential public service (Law n.° 23/96, of 26 June), and recognized by the Water and Waste Ser-
vices Regulatory Authority (ERSAR) as a structural service, fundamental to improve the quality
of life, foster economic activities, and provide environmental protection (ERSAR, 2021). Despite
the positive development trend, reflected by the increase of the service accessibility, quality and
efficiency, currently monitored according to the 3rd generation of the assessment system defi-
ned by ERSAR, there is a clear need for evolution and improvement in order to ensure availability
and sustainable management of water and sanitation for all as foreseen by the objective for
sustainable development goal (SDG) n°. 6 of the UN 2030 Agenda “Clean water and sanitation”.
Wastewater retail utilities (WRU) performance assessment and benchmarking in 2019 points
out 60% of good and average service quality evaluations, 33% of unsatisfactory evaluations and
7% with no reported evaluation. Considering the WRU from predominantly rural intervention
areas in the NUTS North, the indicator that expresses the service coverage through sewage
networks revealed an unsatisfactory evaluation in 15 of them (28.8% of the total), 4 of which lo-
cated in the Alto Minho region. This indicator average value reached 85% for WRU in mainland
Portugal, 66% for the ones located in predominantly rural intervention areas, and 58.7% in the
Alto Minho region (ERSAR, 2021), situation that highlights the need to reinforce investment in
sanitation infrastructures.

The implementation of conventional wastewater (WW) collection, drainage and treatment
systems in low density areas, with complex orography pose limitations regarding the installa-
tion of gravity sewer networks and landscape planning challenges. Therefore, the present work
aims to develop a proposal for a sustainable WW treatment solution, based on natural systems
(constructed wetlands, CW), in alignment with technical, environmental and socio-economic
conditions of predominantly rural areas, in order to increase physical accessibility to the service
and treated wastewater (TWW) reuse. Constructed wetlands are recognized as nature-based
solutions that provides multiple ecosystem services (Calheiros et al, 2020, 2018), with low costs,
and suitable as WW treatment plants sized at less than 2000 population equivalents (p.e.) (Mon-
te et al, 2018) located in rural areas (Rodrigues et al, 2020). The approach to develop the solution
here presented intends to meet sustainability criteria through i) its capacity to effectively treat
urban WW, ensuring the contamination reduction of receiving water bodies; ii) the production
of TWW with quality grade for reuse, reducing anthropogenic stress on water resources and
contributing to water-use efficiency and circularity within the urban-water cycle; iii) low ope-
ration and maintenance interventions needs; iv) low energy consumption and v) the reduced
landscape, air quality and noise impact.
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METHODOLOGY

The proposal development adopted the following methodological steps: i) data collection
for the calculation of 2019 wastewater quality service indicators for a WRU from the Alto Minho
region, and the identification of possible improvement opportunities to implement; ii) analysis
of the sectoral legislation, strategies and policies and definition of the Strategic Reference Fra-
mework (SRF), supporting the measures and actions suggested to improve the quality of the
service provided to users and the validation of the proposed WW treatment solution; and iii)
analysis of the municipality sanitation network project, selection of the area to be considered for
the proposal development focused on a sustainable WW treatment solution based on the SRF,
aligned with the service quality assessment indicators and adequate to areas with a predomi-
nantly rural profile sustained on criteria for their location and design supported by Geographic

Information Systems (GIS).

RESULTS AND DISCUSSION

The analysis of data reported to ERSAR by the WRU and the calculation of the most relevant
service quality indicators for the present study, namely ARO1 - Service coverage through sewage
networks, AR0G - Connection to the service, AR1I - Accessibility to wastewater treatment, and
AR13 - Compliance with the discharge permit, reveals an unsatisfactory quality for indicators
ARO1 and AROG6, good for ART1, and not applicable for the AR13 (no treatment plants with valid
discharge permit). The characterization of the WRU profile highlights the lack of TWW reuse.
The improvement opportunities identified, regarding both a better wastewater service quality

assessment (SQA) and the SRF, are presented in Table 1.
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Table 1. Improvement opportunities and proposed implementing

measures: relation with Strategic Reference Framework (SRF)

Improvement oppor-

tunity Implementing measure SDG SQA SRF
i) Extend the sanitation network
Increase service cove- to areas with no available WW ARO1
rage through sewage service; f oo | dAR12b PENSAARP
networks ii) WWTP construction: WW treat- ‘ dAR20b 2030
ment and TWW reuse - Law n°
13
s 0200529
Increase the com- i) Provide the construction of a dAR46b D.L. n° 236/98
pliance with dischar-  WWTP with monitoring and con- dAR47b . !
. 1 August
ge permit trol systems _ dAR48b °
: : D.L. n°157/97,
- dAR49b
16 St 16 June
i) WWTP designed to produce !: D.L.
TWW with quality compatible n°119/2019, 21
Promote TWW reuse with WW reuse; adequate treat- dAR56b August
ment level for irrigation water:
disinfection

Note: SDG: sustainable development goal; SQA: service quality assessment; WWTP: wastewater

treatment plant; TWW: treated wastewater; WW: wastewater

Analysing the municipality sanitation network project, a group of households with no con-
nection to the WW service, located at a low altitude area requiring pumping stations to elevate
WW to the main collector connected to a centralized wastewater treatment plant (WWTP), was
identified (Figure 1a). From this diagnosis and the technical, environmental and socio-economic
conditions to be considered within this project context, the solution to be developed will focus
on the installation of a WWTP consisting of a screening system, a bi-compartmented septic
tank (ST), a biological treatment (2 horizontal subsurface flow CW operated in parallel), and a
disinfection system by UV radiation in a closed channel (no contact, automatic cleaning system,
with photovoltaic panels to electricity supply), to ensure compliance with TWW quality criteria
for reuse. The selection of the study area (Figure 1b), which includes 16 households and 1 wa-
rehouse, resulted from the GIS analysis, identifying locations meting the following criteria: i) no
WW sanitation service available; ii) land use compatible with the installation of a WWTP and
easy access; iii) land availability; iv) land orography enabling the installation of a gravity collector
network; v) proximity to a water body for TWW discharge (when reuse is not possible); vi) pro-
ximity to users with the potential to reuse TWW (e.g. dairy farm < 500 m away, greenhouses for

horticulture < 250 m away, surrounding fields).
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Figure 1. a) Representation of the sanitation network project and areas with no physical ac-

cessibility to the service; b) area considered for the project developoment (households and
WWTP location).

Table 2 presents the data considered for the project design and Table 3 the results obtained
for the septic tank and the CW design.

Table 2. Data for project design

Project parameter Reference

Censos 2011 (INE), considered the municipality

PO, P ratio for residence population/household &/ [
Capitation, Cap DR n°23/95, 23 August 80 L hab'd?
Inflow Coefficient, Coef, , (rural area) DR n°23/95, 23 August 0.65
Per capita loading 609 2_21 =
Per capita loading for primary ef- 409 O, hab
fluent d’
Average flowrate, Q_, Q,, = Pop x Cap x Coef, +Q, .+ Q, . ... (Ea.1) 212 m* d?
fitraton lowrate,,, 7% % sEsuming new and eehicaly e 19 ey
Peak flow, PF Health Education Services Division (2016) 3
Peak flowrate, Q__,, Qpeak = Q XPF  (Eq.2) 6.35 m*d"
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Table 3. Septic tank (ST) and constructed wetland (CW)design results

Considerations for system design Data for ST and CW design Reference

Septic tank with 2 compartments

Vit compartment = 2/3 total volume total V. . =675m?
HRT=>12h Vot comportment = %5 M? (2X1.5x1.5)
Sludge accumulation = 80 L person s = 2.25 m3 (1x1.5x1.5) UN-HABITAT,
year’' Vi = 810 m? 2008
Desludging interval: 1/year ludge accumulation = 2196 M? year
Depth =15 m + 0.3 m free board; HRT .. = (6.75-2.96)/Qpeak =143 h

Length =1.5m

Organic load =1.48 kg O, d

Subsurface flow CW Influent BOD, from Septic Tank effluent = 0.5
2 parallel basins go, L’
Organic su;?erflc[al load 25 g_ m=2d’ Minimal area_co_nS|der|ng Qpeai =127 m? Monte et al,
Substrate: medium sand, = 0.35 HRT= =35d (Eq.3) 2018
wastewater level, h = 0.5 m Hydraulic load = Qpea,jA =5cmd’
HRT:3-15d 2 basins: 5 m x 13 m (racio Length:Width = 2.6:
Hydraulic load: 2 - 20 cm d Area = 65 m?x 2
Atotal =130 m2
CONCLUSIONS

From this project development several opportunities to improve wastewater service quality
provided by retail utilities where highlighted, resulting in the proposal for a sustainable solution
that suits to predominantly rural areas characteristics and areas with constraints concerning the
connection to sanitation networks. Considering the challenges associated to the optimization
of natural-based wastewater treatment systems location, this study points out the need to carry
out further studies aiming to develop spatially explicit analysis models to decision support re-
garding the definition of sustainable solutions for WW treatment facilities in low density areas.
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Abstract

Different types of wetlands are an essential part of the natural environ-
ment. Despite being largely unknown, their ecological importance is due,
among others, to the fact that they absorb pollutants, improve water
quality, protect coasts from the impact of waves, reduce flooding and are
reservoirs of CO2 in the fight against Climate Change. Due to the pan-
demic, the students educational tasks and actions included in this work
were not face-to-face but virtual and were disseminated using on-line
methods, through MOOC courses that contain, among other resources,
short videos as educational pills that will be shown in different collab-
orating Spanish secondary education institutes, as well as synchronous
seminars introducing the analytical control and monitoring of the differ-
ent types of wetlands as regulated laboratory practices of the secondary
institute, etc. With this work, it is expected to achieve a better knowledge
and a greater environmental awareness of the students about wetlands
and their importance for biodiversity and the environment, stimulating
them to promote conservative and sustainable actions that have a pos-
itive impact on wetlands among their relatives and acquaintances. In
this sense, secondary school students from IES Fray Luis de Ledén and
Martinez Uribarri in the city of Salamanca (Spain) have received environ-
mental education and knowledge related to the characteristics, func-
tions, quality and importance of these water ecosystems and their role
regarding Climate Change in the Southwest of Castillay Ledn. It is hoped
that through these MOOC courses, which will be incorporated into Miria-
da X, as well as through their appropriate dissemination by governmental
and educational institutions, a better knowledge of wetlands at a global
level will be facilitated.

INTRODUCTION

Wetlands are ecosystems represented by permanent or seasonal water bodies with a depth
of no more than 6 metres and can be fresh, brackish or salt water in a lotic or lentic system
(Ramsar, 2013). Their ecological importance is due to the fact that they absorb pollutants, im-
prove water quality, protect coasts from the impact of waves and reduce flooding, as well as
providing a suitable habitat for animals and plants, giving rise to a great biodiversity. Three main
classes of wetlands are known: marine and coastal wetlands, inland wetlands and artificial wet-
lands. In 2020, 353 wetlands with more than 50000 wintering waterbirds were identified in Cas-
tilla y Ledn (Spain) (Sdnchez, 2020). Currently, there are 2041 Natura 2000 Network protected

134



WETLANDS (NATURAL, RESTORED AND ARTIFICIAL) AS STRATEGIES FOR ENVIRONMENTAL EDUCATION
AGAINST CLIMATE CHANGE WITHSTUDENTS OF PROFESSIONALIZINGHIGH SCHOOLSIN
THE SOUTHWEST OF CASTILLA Y LEON (SPAIN)

areas in Spain, 1445 Sites of Community Importance (SCIs) and 596 Special Protection Areas
for Birds (SPAs), which means that 30% of the country's surface area is within a protected area.
Only 10% of Natura 2000 Network sites have a specific management plan, despite the fact that
all sites should have a management plan approved before 2011, according to the Spanish Natu-
ral Heritage and Biodiversity law(RD 42/2007). Despite the importance of this network, 85% of
Spaniards surveyed said they knew nothing about these sites. Of the remaining 15%, only 8% ac-
knowledged that they knew “something” about them. Furthermore, of this 15%, 10.5% are unable
to name a site belonging to the Natura 2000 Network (www.natura2000day.eu). In addition to
these recognised and protected areas, there are many ecologically important wetlands whose
water quality is not controlled, posing a danger to both local and migratory flora and fauna. Due
to a lack of knowledge, the local population misuses them, ignoring their socio-economic, cul-
tural and environmental potentials. Thus, in the area of Southwest Castillay Ledn, specifically in
the provinces of Zamora. Avila and Salamanca (area of influence of the University of Salamanca),
there are 53 catalogued wetlands, many of which are unknown to the majority of the local pop-
ulation.(http:/Mwww.jcyl.es/web/jcyl/MedioAmbiente/es/Plantillal00/1284151755866/_/ /).

The Paris Agreement on Climate Change recognises that wetlands play a key role in regulat-
ing the amount of carbon present in the atmosphere, as these ecosystems act as efficient sinks
mainly through peatlands (Ramsar, 2019). It is estimated that peatlands sequester one third of
terrestrial carbon, even though they represent only 3% of the earth’s surface (Aquae, 2021), mak-
ing wetlands a valuable natural or artificial space for addressing the effects of Climate Change.

Education is a timely but underutilised tool to address Climate Change. This toolallows for
knowledge acquisition related to climate change, environmental and social issues, disaster risk
reduction and sustainable consumption. In order to generate significant changes towards more
sustainable habits and actions, environmental education must focus on an institutional envi-
ronment in which such content can be taught to generate environmental awareness, and thus
ensure that schools and education systems themselves are training centres for climate change
adaptation in new generations (Anderson, 2021).

This project comprises an educational package based on the knowledge of wetlands in Cas-
tilla y Ledn and has been designed to promote environmental awareness among secondary
school students in Salamanca and to strengthen their knowledge of water resources and their
role in the face of Climate Change. This project develops a website as a virtual pedagogical plat-
form containing audio-visual material with information on wetlands and waters preservation in
the framework of Climate Change problem.

METHODOLOGY

This project is a pilot experience involving professional training centres together with Water
Interpretation Centres and the Salamanca University, through its Centre for Research and Tech-
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nological Development of Water (CIDTA), with the aim of stimulating groups of professional
training students who have traditionally been distanced from these concerns, in order to initiate
them in researching wetlands. Their initiation to research is developed through activities, work-
shops, theoretical and practical sessions, adapting the contents and the scientific method to
the measurement and data interpretation on water bodies, especially temporary rivers and nat-
ural and artificial wetlands,making them aware of the importance of controlling these water re-
sources, so affected in the Mediterranean basin by Climate Change and on compliance with the
requirements of the European Union established in its Water Framework Directive in relation to
their chemical and ecological status. Due to the current pandemic prevention measures, Infor-
mation and Communication Technologies (ICT) have been used in this work and through online
platforms, short educational videos, no longer than 10 minutes, have beenshooted and edited
as well as live connections, through its Youtube channel, to the Oso steppe lagoons (Avila). The
script, recording and editing of these videos have been carried out by CIDTA staff, teachers from
Fray Luis de Ledn and Martinez Uribarri IES, environmental educators and experts from the col-
laborating interpretation centres, Tormes E-BFundation, Interpretation Center of Tormes River
Mouth (Monleras City Council, Salamanca) and the Interpretation Center of the steppe lagoons
of El Oso (Avila) and may serve as a model for similar actions of environmental dissemination to
other schools and educational centers. The dissemination project runs from September 2020 to
September 2021 and is funded by the Spanish Foundation for Science and Technology (FECYT)
of the Ministry of Science and Innovation (project: “FCT-19-15200 CON-CIENCIA de rios y zonas
humedas del Sudoeste de Castilla y Leén”) and by the Scientific Culture and Innovation Unit
(UCCI) of the Salamanca University (lll Call Grants forScientific, technological and innovative
disseminations).

Three wetlands were chosen to learn about the different types of wetlands: 1) the Natural
Wetland of the Steppe Lagoons of El Oso, whose interpretation centre and museum, located in
the municipality of El Oso, are dedicated to the dissemination of the richness of the wetlands
of the La Morafaregion (Avila), which receives and shelters more than 50000 birds of different
species throughout the year; 2) as a model of Restored Wetland, the gravel pits of Tormes-EB
Fundationin Almenara de Tormes (Salamanca) were chosen, a wetland that also houses a study
centre and museum of this SCI area, not only for the development of dissemination activities
but also for different research activities which are transferred to other areas of Spain involved
in the restoration of this type of wetlands (Andalusia, Murcia, Castilla y Ledn, etc) and 3) as an
artificial wetland, the low-cost wastewater treatment plant based on natural passive methods
in the municipality of Monleras (Salamanca) was chosen, which consists of a primary treatment
carried out in an Imhoff tank, a secondary treatment that is initially carried out in a horizontal
wetland of macrophytes in flotation with other aquatic plant species, after which the water is
sent to a secondary treatment plant in a horizontal wetland of macrophytes in flotation with
other aquatic plant species, after which the water is sent to three parallel vertical wetlands with
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subsurface flow and finally reaching an artificial wetland that functions as an aerobic lagoon,
due to its shallow depth, for the disinfection of the water by the effect of sunlight (Alainez, 2014).
This plant was designed by the authors of CIDTA and this design was chosen by the Duero Hy-
drographic Confederation (Spain) to finance its construction in the framework of its call for pilot
projects “Singular experimental treatment of wastewater discharges in small towns in the Due-
ro river basin” (Garcia Prieto et al. 2008).

Students from collaborating secondary schools also participate in the development of dis-
semination activities, water quality control, interviews with waterexperts, etc. These videos on
different topics are uploaded as educational resources to the virtual platform as a pilot virtual
course to be subsequently disseminated in the form of MOOC-type educational pills to other
students from other schools and educational centers. Furthermore, these videos and other edu-
cational resources will be uploaded to the Con-Ciencia-Tewebsite and, as they are freely accessi-
ble, they can be viewed by all those interested, providing knowledge of tools and instruments to
support and manage the main current sources of scientific documentation and dissemination
on the world of water and developing the necessary skills to find new ones.

RESULTS

The content of the videos is focused on the different types of wetlands and the Climate
Change’s impact on wetland conservation. Amongthemaincontentsto be covered are:

- The ecological, tourism and economic importance of rivers, wetlands, reservoirs and fresh
water bodies.

- The fauna and flora that inhabit these ecosystems, invasive species, pollution, etc., with an
emphasis on the problems arising from Climate Change.

- Procedure for sampling and analysis of water quality and interpretation of results.

- The importance of tangible and intangible traditional cultural heritage associated with the

uses of water as didactic objectives of different educational disciplines.

The aim of this work is to raise the environmental awareness of students and the general
public about wetlands and their importance for biodiversity and the Environment, in order to
promote conservative and sustainable actions and habits in relation to wetlands (Figure 1). In
this way, the expected results will be a remarkable degree of interactive learning and self-learn-
ing, using both the virtual tools described above, the contents of the educational e-bookandthe
information search strategies on the Internet:

a) By Reflection: preparation of summaries of the laboratory practices, scientific articles.

b) By Exploration: tutor-guided visits on Internet, videos.

c) By Incidental or Interested Exploration: thanks to databases or virtual libraries, there are

many possibilities to search for documentation in different servers and formats.
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d) Become familiar with Internet: Some course activities have been designed so that those
who follow them are able to increase and update their skills in the beneficial use of Internet.

FIGURE 1. INFOGRAPHIC POSTER OF THE PROJECT.
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In addition, it is expected to create a virtual learning environment by:

a) Forums: Virtual channel that allows the connection between the components of the
e-book. In turn, working groups will be opened with student groups and their teachers for
the orientation of common problems.

b) E-book board: Permanent message board page of the e-book to which any of the e-book
participants can send messages.

c) Real and daily monitoring of all the student’s teaching activity, which is automatically re-
corded on the teacher’s computer (server) through Studium (https://studium.usal.es/), the
Virtual Campus of the Salamanca University, which allows continuous assessment and
early detection of learning problems that can be quickly solved with the teacher's indi-
vidualised response, using e-mail or other telematic means such as synchronous or asyn-
chronous virtual tutoring sessions. In the case of general interest questions, the electronic
bulletin board would also be used.

d) Potential accessibility of these educational media and tools to a large number of students
from different regulated educational specialities at the same time (Environmental Health,
Chemistry and Process Control, Safety and Environment, etc.).

CONCLUSIONS

Environmental education allows for the creation of spaces for environmental awareness
among secondary school students, using as thematic axes the preservation of water resources
in particular wetlands, and the importance of appropriate actions to face the Climate Change ef-
fects. On-line didactic tools such as thematic videos, explanatory talks, and the implementation
of web pages allow for the appropriate dissemination of these topics due to the advantages that
these telematic pedagogical strategies and tools possess. Advantages include their permanent
availability on web platforms, their easy dissemination and more agile forms of educator-stu-
dent interaction and knowledge transmission.

Secondary school students from Fray Luis de Leén and Martinez Uribarri IES in Salamanca re-
ceive education and knowledge related to the characteristics, functions, quality and importance
of water ecosystems and their role in the face of Climate Change in the Southwest of Castilla y
Ledn. In addition, they will assess the impacts generated by Climate Change on fauna and flora
species, as well as on natural resources, adequately approaching students closer to this current
environmental issue, both regionally and globally. It is necessary to continue with the formula-
tion and implementation of this type of environmental and educational initiatives in order to
attract the interest of young people in the conservation of water resourcesand the environment
and the understanding of the phenomena already visible as a result of Climate Change.
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Abstract

The simulation of the inactivation processes of coliform bacteria and
Clostridium sulfite-reducing bacteria (vegetative species and spores)
taking place in the water of a maturation pond of a low-cost wastewater
treatment plant using artificial wetlands was studied by means of pho-
tolysis in a pilot photoreactor.A discrimination has been made between
the different mechanisms of inactivation by photolysis of these bacteria
according to the criteria of different statistical and kinetic models. The
results obtained show an approximation to the models of bacterial dis-
infection in maturation ponds. Disinfection by photolysis is not total but
a good bacterial inactivation performance is achieved, with all that this
implies considering the risks that non-disinfection represents for aquatic
ecosystems.

TCentro de Investigacién y Desarrollo Tecnholégico del Agua (CIDTA), Universidad de Salamanca, Campo Charro s/n,
37080 Salamanca, Spain

2 ClIDIR-Unidad Durango, Instituto Politécnico Nacional, Sigma 119, Fracc. 20 de Now. Il, 34220 Durango, Dgo, Mexico

141



APPROACH TO MODELS OF BACTERIAL DISINFECTION BY PHOTOLYSIS
OF TREATED WASTEWATER IN ARTIFICIAL WETLANDS

INTRODUCTION

The inactivation of microorganisms by ultraviolet radiation has been known for more than
100 years (Downes and Blunt, 1877). The germicidal action of UV-C light (photolysis) depends on
the absorption by the micro-organisms of the appropriate electromagnetic energy (wavelength
and irradiation power), which in turn depends on the properties of the fluid itself and the sub-
stances present in it, such as suspended solids, which can absorb part of this electromagnetic
radiation (Lorch,1987). This electromagnetic energy affects the genetic material of the organism
(DNA or RNA), so microorganisms cannot replicate and therefore die (Bolton and Linden, 2003).
An important aspect in the effectiveness of this process is the existence of nucleic acid repair
mechanisms called photoreactivation or photorepair, in which a photoreactive enzyme, after
absorbing radiation, is able to repair the damage caused (Groocock, 1984). This regenerative
capacity occurs in bacteria and other microorganisms, but not in viruses, and its performance
is related to the extent of UV-C damage, exposure to the reactivating light, pH and water tem-
perature (Masschelein and Rice, 2002). The photoreactivation phenomenon will require that the
exposure of the microorganism to the reactivating light does not exceed two to three hours
after inactivation, taking into account that the degree of reactivation is a function inversely pro-
portional to the radiation dose used.

Nowadays, Nature-based wastewater treatments are an important alternative in the field
of wastewater disinfection strategies to reduce pathogenic species affecting health (Vymazal,
2005; Wu et al. 2016) and their reuse for agricultural irrigation (Masi and Martinuzzi 2007; Nan
et al. 2020). In addition, disinfection is required in some areas to comply with certain direc-
tives, such as the Habitats Directive (92/43/EEC) and the Bathing Water Directive (2006/7/EC).
Thelevelofdisinfectionisinsufficient in constructedwetlands (Lépez et al. 2019), thussomeauthor-
sproposethe use of UV photolyticreactors (Azaizeh et al. 2013; Gonzalez et al. 2019) and othersthe
use of maturationlagoons (Tanner et al. 2005; Russo et al. 2020).Bacterialcellshavealwaysbeen-
described as targets forthestudyofwaterdisinfection, withcoliform and clostridialmicroorgan-
ismsselected as processcontrols, beingthemaingroupsof bacteria coveredbydrinkingwaterreg-
ulations(Gorchevy Ozolins 1984).

Disinfection in constructed wetlands depends on different factors, such as water composition,
seasonal fluctuations, local vegetation and whether or not excreta from wild birds and other an-
imals adds significantly to the total human excreta (Rahman et al. 2020). This means that low-
cost Nature-based wastewater treatment plants cannot offer a standardised performance, unlike
conventional treatment plants. Pathogen removal mechanisms are also complex, as they often
include natural death by starvation or predation, sedimentation and filtration, and adsorption (Al-
ufasi et al. 2017). Therefore, it is difficult to assess the performance of wetlands. In this work, we
studied the feasibility and performance of UV photolysis in maturation ponds coupled in series
with artificial wetlands for the inactivation of coliform and clostridial bacteria and their spores. For

this purpose, a photolytic pilot reactor simulating the photolysis process in such lagoons was used.
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METHODOLOGY

The photoreactor used consists of a tank for the real water sampleswith a capacity of 200 L,
a1 hp pump for the recirculation of the sample in the photoreactor system, in whose outletthe
water passes through a 50 m solid filter and then through a rotameter to measure the flow rate.
The UV lamp is installed in a transparent quartz tube inside a stainless steel tubular reactor. The
experiments were carried out with total recirculation at a Q=1000 L/h and a temperature of 20°C.

For the study of the inactivation of Coliformn and Clostridium bacteria, aliquot samples were
taken from the effluents of the Wastewater Treatment Plant (WWTP) of the municipality of
Monleras, in the province of Salamanca, Spain. The primary treatment is carried out in an Im-
hoff tank for the decantation of solids and digestion of organic matter. Secondary treatment is
initially carried out in a horizontal wetland of floating macrophytes together with other aquatic
plant species, then the water is sent to three parallel vertical wetlands of subsurface flow, where
the water percolates vertically through an inert substrate of sand and gravel; and finally the
water reaches an aerobic maturation lagoon, due to its shallow depth, for the disinfection of the
water by the effect of sunlight. This WWTP was designed by the authors of CIDTA and this de-
sigh was chosen by the ConfederaciénHidrografica del Duero (Spain) to finance its construction
in the framework of its pilot project “Unique experimental treatment of wastewater discharges
in small towns in the Duero river basin” (Garcia Prieto et al. 2008).

The coliform bacteria count was carried out by APHA method 1995 9215 B (Standard Methods,
2002). The culture and count of vegetative cells and spores of Clostridium perfringens was car-
ried out following the procedure described in the Spanish Standard UNE-EN 26461.

RESULTS

The susceptibility of microorganisms to photolytic processes is affected by many factors. Pre-
vious studies have shown that it is very difficult to extrapolate the results obtained using syn-
thetic waters since,atthe bacterial growth stage, there is a synergy between the different micro-
bial species present in the effluent. Therefore, an annual monitoring study was carried out on
the main physicochemical characteristics of the wastewater from the Monleras WWTP and the
global UV radiation (direct and diffuse) corresponding to the solar irradiation that reached the
maturation lagoons (Figure 1). For the simulation of these processes, a UV lamp was installed in
the photolytic reactor to simulate the conditions described (Figure 2).
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FIGURE 1. MAIN PHYSICOCHEMICAL CHARACTERISTICS OF WASTEWATER SAMPLES FROM
THE MONLERAS WWTP (SALAMANCA, SPAIN) AND THE OVERALL UV RADIATION
ON THESE WATER SAMPLES THROUGHOUT THE YEAR.
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Under these conditions, the wastewater samples were taken in the months of May to July,
when the climatic conditions are optimal for the reproduction of these microorganisms and the
general conditions of UV radiation are the most similar to the radiation emitted by the lamp of
the photolytic reactor. The bacterial inactivation processes in the maturation pond are simulat-
ed in the photolytic reactor, using effluents from the macrophyte wetland as samples. Two types
of models, one statistical and the other kinetic, were used to study the disinfection processes in
the Monleras WWTP maturation lagoon and a preliminary study was carried out to discriminate
between the different models representing the different possible microbial survival curves un-
der UV radiation (Gyurek and Finch, 1998).

Weibull-type statistical models propose that cell survival patterns can change with the phys-
iological state of the cells and their adaptation to stress (Coroller et al. 2006). It is assumed an
initially large subpopulation that is more sensitive to stress (first part of the inactivation curve)
and a smaller subpopulation that is more resistant to stress (second part of the curve).

Its integrated rate equation is:

P P
Logh@zlog(l_:\i# 10_(5 +‘x+10_($) )

Where Nt represents the bacterial concentration at time t, N_ is the initial concentration of
microorganisms (CFU/mL), d, andd, parameters correspond to the time required to reduce the
first logarithmic decimal cycle of the sensitive and resistant bacterial population, p indicates the
shape of the equation curve and a is the fraction of the first remaining subpopulation of the to-
tal population, defined as a = log (f/(1-f)), where f is the fraction of the initial population after the
rapid inactivation reaction and (1- f) is the fraction of the initial population following the second
stage of the inactivation reaction.Among the kinetic models considered that allow describing
non-linear survival curves, two different models have been used:

The inactivation processes of Clostridium sulphite-reducing bacteria are adapted to a two-
phase kinetic model that considers two groups in the microbial population, one with initial re-
sistance to stress, with an initial protection that is gradually destroyed, and a second more re-
sistant population group based on vitalistic or mechanistic models (Geeraerd et al. 2005). This

model is defined by the equation:

e—kiS

N
Log—- =1lo ( ekt 4 (1 — .e_kz’) )
s = loe((f (1-7) T 1) e

where k, is the rate constant of the sensitive population and k, is the rate constant of the resis-

tant population. The parameter S is the initial stress resistance before bacterial decay.
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The inactivation of coliform bacteria does not fit a two-phase model but fits a logarithmic-lin-
ear model with a shoulder (Geeraerd et al. 2000). Curves typically showing an initial shoul-
der-type deviation indicate that a fraction of surviving micro-organisms remains constant in the
first instants of treatment, followed by a linear decrease in the number of surviving microorgan-
isms. This behaviour is attributed to an inadequate distribution of the UV light in the sample, a
delay in the diffusion of the UV light to the bacterial sites of action or an initial resistance of the

microorganisms to the attack of the disinfecting agent. This model is defined by the equation:

KppaxS

_ . _kmaxt e max
Nt B (NO NreS)((e ) - ( 1 + (ekmaxs —_— 1) . e_kmax,f) + NI’BS

Where k_ _ is the specific inactivation rate constant, N__is the residual population density
and S is the initial stress resistance.

The results obtained for the inactivation study of Clostridium sulphite-reducing bacteria are
shown on Table 1:

TABLE 1. KINETIC AND STATISTICAL PARAMETERS OF THE MODELS FITTED TO THE
EXPERIMENTAL KINETIC DATA FOR THE INACTIVATION OF CLOSTRIDIUM BY PHOTOLYSIS.

0.24 £ 0.07 0.11 £ 0.05 0.94 + 0.1 53+2]
1.4 +0.3 14.5+1.2 31.2+57 1.3+ 0.4

Bacterial regrowth of encysted species was observed over time. To verify this, the samples
submitted to photolytic treatment were taken after a time of more than 4 logarithmic cycles
(4d) which is the classical value considered as a guarantee of hygienic-sanitary quality.

The results obtained for the inactivation study of total coliform bacteria are shown on Table 2:

TABLE 2. KINETIC AND STATISTICAL PARAMETERS OF THE MODELS FITTED TO THE EXPERI-
MENTAL KINETIC DATA FOR THE INACTIVATION OF COLIFORMS BY PHOTOLYSIS.

0.63 + 0.03 2.62 £ 0.75 +17.4
1.7 £ 0.2 42+09 83 %11 0.43 + 0.36
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It was observed in the monitoring of the maturation lagoon that the total elimination of coli-
forms is not reached, suggesting processes of photorepair or bacterial photoreactivation.

CONCLUSIONS

Anaerobic sulphite-reducing Clostridium bacteria have been used as disinfection indicators
because of their high resistance due to the formation of resistant spores. Their inactivation by
photolysis fits models in which two types of bacterial populations coexist, one sensitive (vege-
tative species) and the other (spores) resistant to treatment, the inactivation kinetic constants
for the sensitive one being (94 %) k = 0.24+ 0.07 min-1 and for the resistant,(6 %) k = 0.11+ 0.05
min’. The differences found can be explained in morphological terms: the spore differs signifi-
cantly from the vegetative cell, because the cell wall is thicker in spores than in vegetative cells,
the disinfection process according to this mechanism should be different for vegetative spe-
cies (sensitive population) and spores (resistant population). Total Clostridium inactivation is
not achieved and reactivation of sporulated species occurs, which implies a risk of transmission
from one wetland to another.

In the inactivation of coliform bacteria, the shoulder phase shown by a coliform bacteria con-
centration (N ) with a very gentle decay, is attributed to the loss of cell viability following the
accumulation of damage during the photolytic process. The first part of the curve shows the
resistance of the population to an electromagnetic radiation attack during the shoulder period.
2.62 + 0.75 minutes. The statistical fit confirms that the curve is convex. (p =1.68 * 0.20) with two
populations of coliforms with different physiological status and with times required to reduce
the first logarithmic decimal cycle of one type of bacteria to different physiological states ofd, _
415+ 0.88 y d,= 8.29 + 113 minutes respectively. According to the suggested model, total inacti-
vation is reached at 17.4 minutes. It was found during the study time that the total elimination
of coliforms in the maturation lagoon is not reached, which indicates that there is photoreacti-
vation by sunlight. Therefore, when such treatments for the disinfection of treated wastewater
by low-cost natural processes are implemented, it is the cumulative dose of ultraviolet radiation
and not the treatment time, which should be considered more important at the time of imple-
mentation. In this sense, with proper maintenance of the plant, low vegetation and water level in
the maturation lagoon, and a good pretreatment, good disinfection performance values can be
obtained, even in the less favourable months, due to the fact that in these months the treatment
time tends to increase, due to a decrease in the wastewater flow to be treated in winter, since

during these periods a higher dose of radiation is necessary to achieve bacterial inactivation.
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MODELING OF WWTP SLUDGE
DEHYDRATION IN DRYING BEDS
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Abstract

The by-product of wastewater treatment is called sewage sludge and
must also be treated for final disposal. Its treatment encompasses three
main objectives: Stabilization of organic matter, reduction of volume, and
reduction of pathogens load. Sludge dehydration is an essential step in
the process since the reduction in volume translates into greater ease
and lower costs of transportation and landfill. Some fast and compact
methods used in dewatering sludge have high energy consumption and
are expensive. Contrary to that are the drying beds, which due to the sim-
plicity of construction and operation and the low cost, are a priority alter-
native. The objective of this work was the formulation of mathematical
models that describe the dewatering of WWTP sludge in drying beds,
depending on the climatic conditions. The results of the models were sat-
isfactory and a significant reduction in volume was observed, even in cold
and humid weather.
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MODELING OF WWTP SLUDGE DEHYDRATION IN DRYING BEDS

INTRODUCTION

Many conferences related to the theme of wastewater treatment have been carried out in the
last decades (UN, 2017), highlighting a problem related to the subject and the need for debate
and research.

Effluent treatment generates a by-product, the called sewage sludge, which must undergo
appropriate treatment before final disposal.Sludge is considered solid waste from wastewater
treatment, however, it has approximately 95% water (Sperling and Franci, 2001). A large volume
is generated continuously, so its dehydration is an essential step in the process, and the reduc-
tion in volume translates into greater ease of operation and a lower cost, both for transportation
and landfill.

There are several techniques for sludge dehydration, with the selection of the most favor-
able method depending on several factors: area available for its implementation, the volume of
sludge generated, availability of technology, and climatic factors. Mechanical methods are faster
and more compact but are associated with high energy costs, in addition to the complexity of
installation and operation. In the drying beds (DB), on the other hand, the sludge is exposed to
the environment, resulting in the evaporation and leaching of water by natural effects. In this
way, they are exempt from spending on electricity and are easy to install and operate, requiring
only time and space superior to energy methods (Sperling, 2007).

The choice of drying beds takes into account the volume of sludge generated, the available
space, and the weather patterns of the region. Thus, the existence of mathematical models that
relate these data is essential, allowing the evaluation of the technical feasibility of the process
for each situation. This study intends to develop a mathematical model that describes the dehy-
dration of sludge from Wastewater Treatment Plants - WWTP in drying beds, relating meteoro-

logical data in the water mass balance.

MATERIALSAND METHODS

The experimental study consisted of the design, construction and application of drying beds
for sludge dewatering at the WWTP in Bragancga, Portugal. The sludge treatment station using
drying beds was set up at the Campus Santa Apoldnia, Polytechnic Institute of Braganca - IPB.
Built using four tanks (TK), with a square section (Im x Tm) and a useful volume of 1000 L, per-
fectly watertight, with a sampling port on the base for collecting leachate. All TKs had a gradu-
ated rod inside, to monitor the thickness of the sludge layer.

The draining bed of each DB consists of three overlapping layers of inert material; at the base,
a layer of 30 cm of coarse gravel (20-32 mm), followed by 10 cm of fine gravel (8-12 mm), and
finally, 10 cm of sand (granulometry up to 0.6 mm). Subsequently, the drying beds received a
certain volume of sludge: 20 cm high in TKs 1and 2 and 30 cm for tanks 3 and 4, as shown in Fig
1. These thicknesses were used following the recommendations of Metcalf and Eddy (1995). For
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TKs1and 3, the sludge was mixed and homogenized daily, with a metal shovel, in order to assess
the influence on the dehydration process.

Figurel. Materials and composition of the drying bed

Two dehydration cycles were carried out, each lasting 30 days, corresponding to different sea-
sons (dry season and rainy season). The parameters monitored daily during the tests correspond
to: sludge Solid Content (SC); sludge layer thickness; and drained volume of water. SC analyzes,
in duplicate, were performed according to Standard Methods (APHA, 1998). The meteorological
data were collected at the IPB meteorological station.

The mathematical modeling was elaborated from: the estimate of evaporated water (daily),
by energy conversion equations, using meteorological data; the volume of water drained (dai-
ly), relative to the system'’s initial water; precipitation (volume of water) over the bed area. With
these data, the water mass balance can be estimated. Fig 2 shows the flowchart for the elabo-
ration of the models, where correction factors were established, in order to correct the evapora-
tion and drainage of water, according to the instantaneous SC each day (Lima, 2020, p. 46 - 55).

Solar Rediation \
Temperature Precipitation

Figure 2. Flowchart of mathematical modeling

Relative humidity

Potentially Evaporated Water Correction Factors

For the preparation of the mass balance, initially, the water potentially evaporated was found
for each day of the experimental test, and then the volume of precipitated water was deter-
mined. Finally, it was estimated the water drained from the beds, referring to the initial water
content in the sludge. By the trial-and-error method, observing the approximation of the theo-
retical curve to the experimental SC curve, some correction factors were attributed to the cor-
rection of evaporation and drainage, since these factors are influenced bythe instantaneous SC
value of the sludge.
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RESULTS AND DISCUSSION
Since each TK had different characteristics, 4 mathematical models were obtained. Fig 3
shows the experimental results (blue line) and the theoretical results (orange line), found from
the models, for the 4 DB (cycle 1and 2, left and right side, respectively). The figure also shows the

occurrence of precipitation during the testing period.

) /_..f_ N ————r
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Figure3. Mathematical models and experimental data (Solid Content)

An approximation of the theoretical and experimental curves is observed in most of the pe-
riod, for both cycles, showing that the model is adapted to different climatic conditions. A peak
of decrease in SC in the experimental curves occurred after the occurrence of precipitations,
when the SC was close to or greater than 20%. This peak is less accentuated in the theoretical
curve;however, the two curves return to similar values soon after the event. This factor happens,
because experimentally a portion of the precipitation is incorporated in the upper part of the
sludge and evaporates later, since the model does not foresee this effect and only considers that

it is drained immediately.

154



MODELING OF WWTP SLUDGE DEHYDRATION IN DRYING BEDS

In cycle 1, the TK 1 and 2, whose initial layer of sludge was 20 cm, showed better dehydration
in relation to the other tanks, as a result of the lower thickness of the sludge layer. It is also ob-
served that for beds where daily homogenization was increased, the SC values were higher than
those without turning, such as for DBI1, which recorded SC values close to 70% and the TK 2 of
only 30%.

In cycle 2, the results showed no significant differences between the tanks, and the SC values
at the end of the tests were approximately equal, in the range of 10% - 15%. But it was observed
that even in cold and humid weather, the volume reduction was significant, reaching values
that exceeded 75%, of reduction of the initial volume, tank 3.Tanks 1and 2 had volume reduction
efficiency of 70% and 75%, respectively. Tank 4, on the other hand, with the lowest performance,
obtained a 2/3 reduction. All tanks achieved volume reduction within the range of 50% and 80%,

which is expected in sludge dehydration (Hazel, 2015)

CONCLUSIONS

The mathematical modeling of the drying sludge dehydration process proved to be quite satis-
factory, since it adequately represented the experimental results in different climatic conditions, fol-
lowing the experimental concentration of SC in practically the entire period of the tests. The drying
beds, even in unfavorable climatic conditions for water evaporation, showed a good performance,

significantly reducing the volume of sludge from the water that was drained from the system.
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Abstract

One of the main disadvantages of constructed wetlands, is the need for
a large area to be able to meet the water quality parameters. Within the
framework of the LIFE INTEXT project: “Innovative hybrid INTensive — EX-
Tensive resource recovery from wastewater in small communities”, it has
been designed a system to be able to intensify the process and therefore
to reduce the land use.

According to a preliminary experience using an aerated constructed
floating wetland in the headquarters of PROJAR Group, the system was
monitored and successfully accomplished the discharge requirements.
However, despite of the positive results, it cannot be considered conclud-
ing due to short period of follow up of the water parameters.

Therefore, a longer and deeper study of the system is needed to be able
to adjust, calibrate and validate this technology for commercial purposes.
In the experimental plant of CENTA (Centro de las Nuevas Tecnologias
del Agua) in Carrion de los Céspedes (Sevilla), it has been designed a pilot

case where the follow up can be carried out with quality enough.

INTRODUCTION

One of the main disadvantages of constructed wetlands is the need for a large area to satisfy
the limits of discharge, which ends up generating a relevant economic cost and land use com-
pared to conventional systems. With the objective to avoid the these problems, two ways for re-
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ducing the space required are explored in this study. First, the elimination of the granular medi-
um through systems with floating vegetation and second, the introduction of artificial aeration.

In 2014 a free-water surface constructed wetland consisting of 8 cells of 8.8 m2 each, with a
water depth of 0.4 m was built. The floating system was made of volumetric mesh, polyethylene
bars and coconut fiber mattress. The wastewater to be treated came from the offices and ware-
houses of the company Projar S.A., with a flow of 773 I/d; the inflow came intermittently from a
septic tank with two compartments thus, the water reached the wetlands with a previous sed-
imentation process. This floating system has been already adjusted and it has been found the
best adapted vegetation for these conditions.

Preliminary results obtained by including aeration in the wetland system cannot be consid-
ered concluding. Therefore, a longer and deeper study of the system is needed to be able to
adjust, calibrate and validate mathematical models for its use with guarantees.

After this preliminary study, it has been designed a layout within the framework of LIFE IN-
TEXT project. The pilot case to be implemented in the CENTA (Centro de las Nuevas Tecnologias
del Agua) facilities, has been designed to accomplished the water quality standards for the out-
let by using the aerated constructed floating wetland system.

Due to the technical and economical limitations of small communities, it has been proposed
a robust system that allows small communities its installation and maintenance. This pilot case
will treat the water flow for a 150 heq, with approximately 250 m2 of constructed wetland and
1.5 m depth.

The wetland cell has been divided into two longitudinal compartments and at the same time,
each of these compartments is also divided in several cells. This design has three objectives:

- Increase the length / width ratio to improve the hydraulic efficiency of the system

- Increase the number of compartments to improve hydraulic efficiency

- Test two different aeration sequences

METHODS

The project of the constructed aerated wetland will be implemented in the municipality of
Carriéon de los Céspedes (Sevilla), where the CENTA is located. The climate of the area is Mediter-
ranean with an average annual rainfall of about 485 mm. The annual average temperature is 18.8 °C
maximum and minimum average temperatures were 5.9 °C and 35.3 °C, respectively.

The existing facilities at CENTA has an Imhoff tank from where the water to be treated wiill
be pumped to the secondary treatment (the aerated constructed wetland). The layout of the
constructed wetland treatment is designed in a way that the water can go through two parallel
treatment lines. Each individual line can be controlled in terms of water flow, aeration flow and

the aeration sequence.
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Figure 1. Constructed wetland layout

The installation parts are as follow:
- Effluent discharge network through PVC pipes
- Effluent distribution network between the different compartments through flexible PVC pip

Figure 2. Input power supply Figure 3. Compartment unit

- Effluent collector and a levelling system by a manhole with a PVC pipe
- Aeration grid by a 16mm irrigation pipe anchored to a PVC frame.
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Figure 4. Leveling and sampling manhole Figure 3. Compartment unit

- Aeration system:
- a.2 x Air pump 1.5 kW, 230 V, 210 m3/h, -190/200 mbar

- b. Electrical distribution panel with controlling system.
The inlet flowrate will me manage according to the needs of the constructed wetland which

it is estimated in 40 m3/day. Once the water goes through the wetland, the outflow will be

poured to the main water collector of the CENTA facilities.
As a starting point, the design of the constructed wetland will take into consideration the

following data:

_ Table 1. Population equivalent water parameters

Parameter g/peq*d mg/I
BOD, 60 300.00
COoD 90 666.67

TSS 20 300.00
Nt 15 40.00
P 4 10.00

The main objective of the project is to obtain a valid and simple mathematic model for the

design of aerated floating wetlands which will improve performance and economic viability of

these systems.
The water quality model to be tested is:
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Where:

Ct, outlet concentration (mg/l)

Co, inlet concetration (mg/l)

k', adjusted constant for one contaminant (1/d)
kmax, maximum constant (1/d)

OD, oxygen concentration (mg/l)

kOD, semisaturation constant (adimensional)
t, reaction time (d)

RESULTS AND DISCUSSION

This multicompartment aerated constructed floating wetland will provide the data to be able
to obtain a valid and simple mathematic model for its design. Therefore, it will be improved the
performance and the economic viability of this system. Some of the parameters it is aimed to
get are:

- Characterization of kinetics constants for urban wastewater.

- Distinction between different aeration levels, trying to find a Monod relation between pro-

cesses and aeration levels.

- Test different quality water models (plug flow, tanks in series...)

- Characterize oxygen diffusion performance of the aeration system.

- Characterize maximum areal and cross-sectional organic loading rates (gBOD/m2*d)

- Validate non-aerated wetlands previous data.

- Experiment deeper ponds as primary and secondary treatment.

- Experiment recirculation systems to enhance nitrification and denitrification

- Sludge production

According to results obtained in the previous experience in the facilities of Comercial Projar
SA headquarters, we observed a remarkable performance comparing it with a traditional con-
structed wetland system.

In the first instance, it was not applied any aeration system to the constructed wetland. Un-
der these conditions, the discharge requirements of BOD5 (25 mg/l), COD (125 mg/l) and TSS (35
mg/l) were satisfied on average, but BODS5 presented a relative high percentage of non-compli-
ances in specific days.

After this first test condition, it was introduced simple and inexpensive system of aeration to
the wetland. Under the same organic and hydraulic load conditions and after three samplings,
the results improved considerably, going from the removement 61.5% to 81.7% for COD, and
from 83.2% to 93.8% for BODS.
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Table 2. Comercial Projar SA aerated floating wetland results

Parameter Inlet Outlet Ut Performance
COD 382.00 70.00 mg/I 81.7%
BODS5 200.00 6.00 mg/l 93.8%

Pt 5.60 2.80 mg/l 50%
N amonia 144.00 108.00 mg/ 25%
N nitric 5.80 0.30 mg/l 95%
Nt (estimated) 149.80 108.30 mg/l 28%
TSS 140.00 28.00 mg/ 80%
pH 7.03 7.57 ud de pH
Conductivity 2500.00 2100.00 pS/cm
CONCLUSIONS

Once the aerated construction wetland is implemented in the CENTA facilities, the layout is
designed in a way that it can be tested different conditions. Therefore, it will be possible to stress
the system to check the maximum load capacity of this technology and the most efficient setting.

This experience will last three years, where it will be tested different configurations. The first
configuration will last twelve months due to the 6 months of bacteria and vegetation imple-
mentation. After this first test, if the results are positive, the aeration flow will be reduced to cut
down the energy consumption. Each configuration will be tested a minimum of three months.

In the case of the results of the quality parameters don't meet the expected water parame-
ters, it will be possible to reduce the inflow or increase the aeration flow hours per day. Moreover,
it will be possible to switch the order of the aerated phases and de depth of the water level,
which it will increase or reduce the hydraulic retention time.

The system was preliminary characterized in the experience at Comercial Projar SA headquar-
ters, and the main conclusions of the experience is that floating aerated systems can be com-
petitive and reliable for secondary and tertiary treatment compared with conventional wetland
systems. Nevertheless, this hypothesis is still to be confirmed in the experience that will be carried
out in the CENTA installation due to the higher resources for testing and to try different settings.
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Abstract

Constructed wetlands (CW) for domestic wastewater treatment (also call
Treatment Wetlands - TW)are renowned for their robustness and reliabil-
ity, thus most suitable for small communities. Widely applied especially
in western Europe, they are facing the need for more restrictive reject
level and decreased footprint. This work reviews the efficiency of classical
“French” two-stage vertical flow constructed wetlands (VFCW) and two
optimized versions developed by Syntea: Biho-Filter® and Rhizosph’Air®
designed for higher removal efficiency and lower footprint. The chal-
lenge lies in boosting the system while keeping it simple and resilient.
This work shares feedbacks fromSyntea on classical French design and
intensified CWs.
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CONSTRUCTED WETLANDS FOR DOMESTIC WASTEWATER TREATMENT:
FROM CLASSICAL “FRENCH"” SYSTEMS TO OPTIMIZED INTENSIFIED TREATMENT WETLANDS

INTRODUCTION

“French” constructed wetlands treating raw domestic wastewater ([3]) have reach inter-
national recognition these last decades ([4], [8]). These systems are especially well suited for
small communities and in the decentralized sanitation context, regardless of the climate ([15]).
Integrated sludge management, robustness and simplicity of operation are among the main
qualities of French constructed wetlands. However, high land requirements and limited total
nitrogen removal efficiency restrict their application in areas with high land pressure or when
higher outlet water quality is required ([10]).In this context, Syntea, French SME leader in CWs,
has developed two types of intensified treatment wetlands:Biho-Filter® and Rhizosph’Air®. Bi-
ho-Filter® combines 2 stacked vertical flow treatment zones, respectively unsaturated (likewise
classical systems) and water-saturated (targeting enhanced carbon and TN removal efficiency).
Patented system Rhizosph'Air® is an intensified version of French CWs with forced bed aeration.
As activated sludge processes, sequential air supply allows simultaneously high ammonia and

total nitrogen removal efficacy.

METHODS
The feedback on these processes has been capitalized using the SYNTEA reference database
with:

- more than 500 classical French CWs monitored for 20 years ([4]).

- 40 Biho-Filter® systems implemented in France and abroad (from 40PE to 3700PE) since 2012.
About 140 24h-composite samples have been proceeded to fulfill municipalities regulatory ob-
ligations.

- around 15Rhizosph’Air® systems for domestic wastewater treatment (from 800PE to 4000PE)
were built by SYNTEA in France since 2016. About 40 24h-composite samples have been pro-
ceeded to fulfill municipalities regulatory obligations. Data has been processed following the
methodology described in [4].

RESULTS AND DISCUSSION

The performances of French 2 stages of VFCWsare well documented through SYNTEA database
in [4] and [17]. The Syntea’sBiho-Filter® system has been extensively studied in [5] and benefits
from European recognition through the Environmental Technology Verification (ETV,[1]). Forced
bed aeration constructed wetlands have been applied to a wide range of effluents: from pre-treat-
ed domestic effluent ([6], [9] and [16]), to wastewater from petroleum industry ([18]), agroindustry
(13]) or airport runoff containing deicing products ([7] and [17]). They allow to reach lower discharge
levels with lower footprint compared to systems with passive aeration. Coming from the benefits
of the French design, Rhizosph’Air® has the particularity to also handle raw wastewater with inte-
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grated sludge management through surfaceaccumulation and mineralization (composted sludge
removal every 10-15 years).Syntea's data on various designs of CW has been processed and allow us
the following comparison in terms of outlet concentrations and removal efficiencies (Table 1).

Table 1. TW characteristics statistics for outlet concentrationsand removal efficiency.

Classical French treatment . . . "
- wetland[4] BiHo-Filter Rhizosph’Air®

Design 2 stages VFCW S\:\:ﬁ']er:fiil\;fli\r’:’ Single sztggtea\l/t:lgt\lsaé \7vnd hori-
Sizing 1.2 + 0.8 m%/PE 1.5 m?/PE 0.9 m?/PE
Mean+/-X Outlet con- Rgrr)oval Outlet con- Rempval effi-  Outlet con- Rempval effi-
centration efficiency centration ciency centration ciency
(N)sD* mg/l % mg/I % mg/I mg/I
74+/-16 87+/-2 50+/-6 92+/-1 27+/-5 95+/-1
cop (417) (409) (141) 38 (141) 7 (38) 15 (36) 4
1n+/-2 96+/- 2 5+/-2 98+/-1
BOD5 - -
(138) 13 (138) 9 (34) 5 (32) 2
17+/- 6 93+/-1 15+/-3 95+/-1 5+/-1 98+/-1
158 (418) (477) (142) 16 (142) 5 (34) 3 (36) 2
n+/-2 84+/-2 17+/-3 79+/-3 7+/-2 92+/-2
N (409) (357) (126) 15 (124) 15 (37) 6 (36) 15
32+/-3 60+/-3 19+/-3 74+/-6
™ ) ) (126) 18 m7)19 (33) 8 (28) 20

*Values for 24h composite samples N: number of values X=1.96*SD///N

Table 1 gives principal system configurations and results in terms of outlet concentrations
and removal efficiencies. These values have been set-up after statistical analysis of SYNTEA da-
tabase. These results show thatslight betternitrification is achieved in the classical two-stages
VFCWs compared toBiHo-Filter, while the latter allows partial TN removal and a decreased land
requirement. Classical 2 stages French system achieves almost a full nitrification. but requires
a sand filtration layer for which quality and resources are less and less available. This underlines
the relevance of Biho-Filter®, especially when only partial nitrification is needed.

Rhizosph'Air® results are far better than other TWs with a reduced size, due to the forced
aeration and better oxygen transfer rate. These results for nitrification and carbon removal are
consistent with literature on forced bed aeration constructed wetlands ([9], [11] and [16]). Con-
cerning TN removal, a specific adaptation of the sequential air supply makes it possible to reach
outlet consentlower than 15 mg N/L ([12]).
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Furthermore, EU LIFE INTEXT project, leaded by Aqualia,aims at developing technologies com-
bining advantages of intensive and extensive processes. Syntea has implemented at demon-
stration-scale high TRL technologies of aerated constructed wetlands aiming at(1) optimizing
TN removal in CWs. The lack of carbon source is often reported to be a limiting factorfor denitri-
fication ([11], [13]).; (2)Fostering pathogen removal in CWs. Pathogen removal in conventional
constructed wetlands is very low with 1log unit removal per stage of treatment([2]) while forced
bed aeration shows promising results ([2], [14]).(3) Demonstrating the combination of intensive
anaerobic pre-treatment (biogas production) developed by Aqualiaand CWs intensified or
not implemented by SYNTEA.

CONCLUSIONS

This work focuses on the comparison between classical and intensified TW using the full-scale
treatment plants data base ofSyntea. Intensified TW proved to offer an optimized land require-
ment while preserving outlet water quality. Rhizosph’Air® particularly shows very high ammo-
nium and TN removal thanks to forced aeration but increasing the same way the energy costs.
This will be address with LIFE INTEXT research program through the development and valida-
tion of smart monitoring and operation control tool. Thiswill offer a very high added value to

next generation constructed wetlands.
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WATER QUALITY ASSESSMENT OF URBAN
PONDS AND REMEDIATION PROPOSALS
(SMALLWAT21)
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Abstract

The objective of this study is to assess the quality of the water of six urban
ponds in the city of Lisbon, Portugal, to determine the factors that influ-
ence it and provide remediation measures for them.

The main factors that contribute to the poor quality of the water were iden-
tified, and are the following: excess nutrients, origin of water, waterbirds,
vegetative debris that fall in ponds and contamination with sewage.
Three of the ponds had floating treatment wetlands installed before the
start of the study, but additional measures such as removal of bottom
sediments and leaves in the fall, may be necessary.

INTRODUCTION

Lakes and ponds are one of the landscape features that significantly contribute to increasing
the quality of life in urban centers, by increasing amenity, providing recreational and education-
al activities, and even contributing to mitigate the urban climate [1], [2].

However, they are extremely vulnerable landscape elements, sensitive to anthropogenic

pressures since their watershed is part of the urban fabric and, therefore, tend to emphasize the
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environmental problems that affect metropolitan areas, by collecting and accumulating large
amounts of nutrients that can lead to the proliferation of toxic cyanobacteria [3] and pollutants,
including microbial contaminants [4], [5].

In the urban landscape excessive concentrations of nutrients have different origins, being
partly attributed to land use, runoff from construction sites [6], buildings and impervious paved
surfaces [7], runoff from recreational areas (eg. golf courses) [8], feeding ducks [9] and runoff
from parks and gardens [10]. Sediments from the bottom of lakes have long been recognized
as a potential source of phosphorus in surface waters and are an important factor in regulating
eutrophication in shallow lakes [11].

The objective of this study is to evaluate the water quality of six ponds in the city of Lisbon
and to propose appropriate remediation techniques for them. To this end, several water param-
eters were measured over a 6 month period between July and December 2020 and chemical
analyzes carried out. Lisbon Municipality provided additional data on the water quality of these
ponds. Three of the six ponds had FTWs installed before the study began.

METHODS

The case study includes six ponds in the metropolitan area of Lisbon: Quinta das Conchas
(QQ), two ponds in Parque Oeste (PO3 and PO5), Doca da Caldeirinha (DC), Jardim da Estrela (JE)
and Estufa Fria (EF). All of the ponds are artificial, with a small surface area (between 465 and
17000 m?), shallow, and with the exception of DC, they are inserted in public gardens, so they
are surrounded by lawn areas and trees. Ponds DC, JE and EF had floating treatment wetlands
(FTW) prior to this study, installed between November of 2019 and March 2020. The area covered
with the FTW was 9 to 12% of the total surface area of the lakes.

To assess the quality of the water of the ponds, sampling occurred over a 6 month period as
follows: 22/07/2020, 26/09/2020, 10/10/2020, 14/11/2020, 12/12/2020, 19/12/2020. Surface water was
collected with a bucket near the margin of the ponds and in the field four parameters were
measured with probes: temperature, pH (HACH Sension+ 5051T), electric conductivity (HACH
Sension+ 5060) dissolved oxygen (YSI ProODO). Total suspended solids and chemical oxygen
demand were determined in the laboratory according to standard methods [12]. The Lisbon
Municipality provided reports from previous years with other parameters which were also taken
into account for this analysis.

Since there is no legislation that controls the quality of the water for small ornamental ponds
like the ones in the city of Lisbon, reference values were adopted the decree-law n° 236/98 of 1
of August, Anex XXI, which defines the minimum quality to be attained in surface waters. The
reference values for each parameter studied are presented in Table 1.
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RESULTS AND DISCUSSION

The study reveals a clear picture of the status of water quality of the different ponds. Table
1 presents the minimum and maximum values obtained for each parameter when data was
available.

Table 1. Minimum and maximum values registered for each parameter for the 6 ponds.

Reference
Parameter
Values

5.0-9.0 82-881 68-865 6,8-928 7,71 -10,4 75-84 7,4 - 9,51

Ch'o”ccl'ﬁ)s (mg 250 82 126 54-126 246-20413  21-26 16 - 41
Nitrates (mg ) <0,22 - B ) )

NG/ 12 12,87 o 005-42 033-124 191-1018

AN (mg N/I) 1 - - - 012-16,1 <0,1 <01
KN (mg N/I) 2 ; § - 044 -1832 098-2,82 247-527
BODS (mg O,/I) = ; - - 3-14 6-14 5-20
COD (mg O,/l) - 30-67 17-56 25-59 32-97 37-99 5-136
<0125 - <0125 -

TP (mg P/I) 1 - - - 0,05 - 3,53 034 o017

All the ponds show pH above neutral and the sampling period allowed to identify a trend of
higher pH during the warmer months with a decrease in colder months. This variation could be
explained with algae photosynthesis in the summer increasing the pH, and leaf litter decompos-
ing in the autumn decreasing the pH [13].

All the ponds are contaminated with nutrients, this could be due to the presence of water-
birds as well as leaf litter that decomposes in the water. For PO3 and PO5 the well water that
feeds these ponds is contaminated with nitrates (12,7 to 50 mg NO,/I) which is not conducive to
good water quality. In pond PO5 a sewage discharge was identified. Waterbirds and their feeding
are known to be sources of nutrients for waterbodies [9]or thought to be relatively unimportant.
However, when bird populations are large relative to the size or volume of the waterbody, a sub-
stantial fraction of the nutrient pool may cycle through birds. In this report, we estimate the mass
of phosphorus in bird droppings cycling through Green Lake, a productive lake in urban Seattle,
between January 1992 and December 1994. Phosphorus loading from bird droppings is compared
to the mass of phosphorus entering the lake from other sources measured during a concurrent
limnologic study. Waterbirds spent 528,355 bird-days (the number of bird-use days. In JE feeding
the ducks is common practice among visitants with children and should be discouraged.

BODS5 exceeds the limit for all the ponds in which it was measured, and COD presents a wide

range of values from 5 to 136 mg O,/I, with higher concentrations in summer. The lower concen-
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trations could be due to rainfall and consequent dilution, however this is not enough to explain
it since the concentrations decrease before rainfall events.

TSS were especially high for JE (in September 2020) and PO5 (in December 2020). Since chlo-
rophyll-a was not determined it is impossible to know for sure if the high TSS observed in JE
could be due to higher levels of phytoplankton, which is possible since the temperatures were
still high by that time. PO5 in the other hand had high concentrations of TSS most likely due to
sewagde discharge and stormwater runoff contributions.

DC's surrounding environment is very different from the other ponds, since it is not included
in a garden, all pavement surrounding it is impermeable. It's very close to a road and the Tagus
river estuary, receiving water from it. This explains the high salinity and could also be the main
source of pollutants to this lake.

JE, EF and DC had FTWs installed before the start of the study. JE and EF had different plants
from DC, since the later had higher salinity, therefore it received native plants to the Tagus estu-
ary. Different growth rates were observed, with the FTW in DC growing significantly more from
July to December when compared to the other 2 ponds. DC experienced a visible reduction of
nutrient levels in 2020 compared to previous years possibly due to the FTW. For the other 2 lakes
more data is needed.

B. Masters [14] suggests dredging and removal of sediments at the bottom of lakes as a com-
plementary measure to FTWs if phosphorus removal is expected in the medium/long term,
since the main removal of phosphorus is achieved by sedimentation and not plant uptake (20-
40% vs 6% [15]).

CONCLUSIONS

The results obtained were as expected for ponds in urban landscapes: artificial, small and
shallow, impermeable surface surrounding them, high nutrient loads that contribute to eutro-
phication, sewage discharge, bird populations that gather in these places where they are fed by
visitors, cloudy water with an aesthetically unpleasant aspect and devoid of macrophytes.

The main contaminants of these waters are nutrients, and their possible sources were iden-
tified as being leaf litter that decomposes in water, surface runoff, waterbirds, feeding of water-
birds by visitants, origin of water and sewage discharge.

The new goals for the water quality of these ponds haven't been achieved for the time being
but the FTW showed promising results in DC. Dredging and sediment removal might be neces-
sary as a complementary measure to the FTWs. Nutrient loads reduction should be the priority

action for all the ponds before pursuing other remediation techniques.
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ANAEROBIC TREATMENTS: ADVANCED
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Raul J. Barros
CIMA - Centro de Investigacao Marinha
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Abstract

Anaerobic technologies can be adopted in order to reduce the invest-
ment and operating costs of wastewater treatment plants of small urban
settlements. Though anaerobic technologies are more adapted for indus-
trial wastewaters or solid waste with high biodegradable organic mat-
ter content, special designs of anaerobic bioreactors are available to deal
with low-strength wastewaters at sub-optimal temperatures. The Upflow
Anaerobic Sludge Blanket (UASB) and the Anaerobic Membrane Bioreac-
tor (AnMBR) technologies are presented and discussed as alternatives for
wastewater treatment in small urban settlements.
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FRAMEWORK OF CONVENTIONAL
WASTEWATER TREATMENT

The conventional paradigm for urban wastewater treatment involves the following stages:

— Wastewater is collected within a wide area, from homes and businesses served by a sewage
infrastructure, and is directed to centralized Waste Water Treatment Plants (WWTP).

—Once in the WWTP, the water is subjected to a treatment process consisting of several in-
terconnected unit operations and unit processes

—The main objectives of the process are the elimination of biodegradable organic matter
and suspended solids

— At the “heart” of the process is an aerobic biologic process such as activated sludge

— Excess nutrient removal and thorough disinfection are only applied to the effluent of
the biologic process if required by the discharge license

—The treated effluent from the WWTP is discharged to a receiving water body (river, creek,
lake, ocean...))

— Waste sludge generated by the process is stabilized on site or shipped somewhere else for
management.

The main disadvantages of this concept are:

- Sewage collection systems which have many kilometers in length, need lift stations and
other facilities, are costly to build and maintain, and are sometimes unreliable

- Expensive treatment on the WWPT, especially concerning power and maintenance and
repair demands

—There is a potential negative environmental impact of the discharge of treated water into
receiving water bodies, due to incomplete treatment or the presence of traces of pollutants
of emerging concern.

— Waste sludge is generated in high quantities and needs stabilization on site or shipped so-
mewhere else for that objective,involving elevated investment and operation costs or trans-
portation costs and treatment fees.

—There is no recovery of resources from the wastewater, such as energy, or nutrients that can
be cycled back to the food chain, or the treated water itself.

Small urban settlements cannot afford the costs of such treatment solutions, because they
involve the use of skilled labour and intense material and technological demands, and the mo-
bilization of significant financial resources to build and operate such facilities. The economic
viability of these solutions can only be assured by taking advantage of economies of scale. The
choice has to fall upon less demanding, extensive technologies which are still able to meet the
treatment demands. In the extreme case of isolated dwellings, the septic tank system (a typical

anaerobic process) and its modern variants are still the best solutions available.
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ANAEROBIC PROCESSES:GENERAL CHARACTERISTICS

Anaerobic wastewater treatment is carried out by a diverse consortium of microorganisms
able to carry out sequentially1) hydrolysis of complex organic matter; 2) fermentation of hydroly-
sed material into methanogenic substrates and 3) methanogenesis with generation of biogas (a
mixture of CH,, CO, and traces of other gases). These processes carry out, under controlled and
confined conditions, the biodegradation metabolism that would occur on the natural environ-
ment in oxygen-deprived water bodies impacted by wastewater, under septic conditions. The
biodegradable organic matter on wastewater is mainly converted to biogas, with conservation
of most of the chemical energy in the form of methane, and only a small faction being incor-
porated into biomass. Anaerobic processes bring the promise to reduce treatment costs and
resource demands by presenting the following advantages:

- No need for oxygen to be transferred to the water, therefore saving most of the electric

power consumption of wastewater treatment

- Low production of waste sludge, around only one third of the production of aerobic sys-
tems, (Chernicharo 2007), because biomass growth is minimal under anaerobic conditions

— Anaerobic reactors are compact and require low area for installation

—These processes are able to withstand large variations in organic load, and can even operate
without feeding for limited periods

— Operation cost is kept low, minimal intervention on the process when stable operation is
achieved

- Biogas can be recovered and used as energy source to produce heat, electric power, trans-
portation fuel or injection on the gas grid infrastructure

The main disadvantages of anaerobic processes, which prevent their widespread use for do-
mestic wastewater treatment are:

- Kinetics of the process is highly dependent on temperature. Optimal temperature is around
35°C, which would require heating of the bioreactors. Sub-optimal temperatures, preferably
above 20°C, are acceptable at the expense of system compactness.

- The efficiency for BOD, removal is limited.This is especially so at sub-optimal temperatures,
and also because settling of anaerobic biomass is much more difficult compared with ae-
robic processes.

- Long start-up time. It takes long to establish an equilibrated and adapted consortium of
microorganisms able to carry out all the metabolic tasks required.

—Very poor nutrient (N and P) removal. As biomass grows less, assimilation of these elements
is limited.

- Sensibility to toxic chemicals and other effects. Besides temperature, the anaerobic con-
sortium is usually very sensitive to the presence of toxic chemicals such as sulphide and

ammonia, that can be generated endogenously, or excess salinity, the presence of toxic
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organics and heavy metals or the lack of alkalinity which would lower pH within the system
due to the production of large amounts of CO.,,.
—There is the potential for the release of odorous and corrosive gases, such as sulphide, am-
monia and other sulphur on nitrogen containing gases
— Need for enclosed reactors and biogas handling and storage facilities. Direct contact with the
atmosphere has to be prevented in order to minimize oxygen entrainment, avoid methane
emissions to the atmosphere, and to be able to recover, store and process the biogas evolved.
This significant set of disadvantages dictates that the niche for the use of anaerobic wastewa-
ter treatment processes is the pre-treatment of industrial wastewaters with high organic loads
(COD > 2000 mg/L), because under these conditions the large amount of biogas generated can
be used to keep the reactors warm, near the optimal temperature of 35°C. These processes are
also used to stabilize biodegradable waste, such as waste sludge, food waste or agricultural,
animal production, forestry or gardening wastes, often carrying out co-digestion of different
waste materials. The typical processes for wastewater treatment, such as complete-mix, contact
process, sequencing batch reactors, up flow or down flow biofilm processes can only be used
efficiently on these applications.

ANAEROBIC PROCESSES:
ADVANCED SOLUTIONS FOR SMALL URBAN SETTLEMENTS

Anaerobic processes have to be adapted in order to be used for domestic wastewater treatment,
so that sub-optimal temperatures do not lower removal efficiency. The solution for this problem lies
on designs able to keep a high inventory of anaerobic biomass inside the bioreactor while preven-
ting the escape of biomass flocs with the treated reactor effluent. Two such designs, are:

—The Upflow Anaerobic Sludge Blanket (UASB) reactor

— The Anaerobic Membrane Bioreactor (AnMBR)

These reactors can be operated both at large and at small scale, and thus are adaptable to the
use in small urban settlements generating wastewater with broad variations in instantaneous
flowrate and composition.

UASB process

The UASB reactor (scheme in figure 1) consists of a tall equipment with the following charac-
teristics:

— A dense granular sludge bed is present on the bottom of the tank, containing the microor-
ganisms needed for the treatment. A very high content of solids (50 —-100 g TSS/L) is present
on this layer. Above, is the sludge blanket, a more diffuse layer (5 - 40 g TSS/L). Such high
concentrations of biomassensure fast biodegradation kinetics, even at temperatures arou-
nd 20°C, and allows high volumetric organic loading to be fed to these reactors. Long SRT is

obtained, which helps remove slowly biodegradable organics.

182



ANAEROBIC TREATMENTS: ADVANCED TECHNOLOGIES FOR WASTEWATER
TREATMENT IN SMALL URBAN SETTLEMENTS

- The affluent to the reactor is fed from the bottom and has to be uniformly distributed along
the entire cross section area of the reactor to avoid fluid channelling and the existence of
dead zones.

—The upflow velocity of the liquid phase has to be controlled to keep a suitable mixing wi-
thout dragging excessive amounts of solids.

— On the top of the reactor a carefully designed triphasic separator is installed to ensure that
biogas is recovered and no excessive solids are dragged by the effluent water. Liquid phase
discharge has to avoid excessive linear velocities also to avoid dragging floating solids.

- Safety of the gas-handling facilities has to be ensured in order to avoid oxygen entrainment,

methane emission to the atmosphere and fire and explosion risks.
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Figure 1. Schematic of Up flow Anaerobic Sludge Blanket (UASB)
reactor (D "Bastiani et al., 2021)

Such a design requires that the reactors are very tall in order to provide enough residence
time for the effluent and efficient separation of the three phases (sludge, water and biogas).
Typically, the triphasic separator is responsible for over 30% of total reactor height. The main di-
fficulties of this design lie in providing enough mixing energy to minimize mass-transfer limita-
tions without causing solids dragging by the effluent water, and efficient recovery of methane,
which solubility is not negligible in wastewater, especially at lower temperatures.These difficul-
ties are tackled with the Pulsed Solids Hydrolyzer (PUSH®) design patented by FCC-Aqualia SA.
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In this design, the feed is done with short high velocity pulses that provide mixing energy
without destabilizing the sludge bed. The lower sludge bed has solids retention time (SRT in ex-
cess of 30 days, which will ensure hydrolysis of complex organic matter even at a temperature of
about 15°C. The effluent water is subjected to stripping to recover dissolved methane, thus hel-
ping further decrease residual BOD, in the effluent water. Pilot prototypes of this design were
installed and operated in two WWTPs managed by Aguas do Algarve SA within the framework
of the IDIAqua (Potenciacién de la 1+D+i de excelenciaenmateria de depuracion de las dgua-
senpequefasaglomeracionesurbanas) project.

The effluent of a UASB reactor requires polishing, specially to ensure the microbiologic quali-
ty of treated water (pathogen removal). Polishing solutions adapted to the reality of small urban
settlements can be the use of polishing ponds, overland flow systems or artificial wetlands. Poor
nutrient removal is not a disadvantage considering the treated wastewater may be reused for
farm irrigation. This water reuse is crucial in dry climates such as that of south Iberia, and the
nutrient content of treated water helps minimize the need for application of synthetic fertilizers,

thus recovering another resource from wastewater.

ANMBRPROCESS

The AnNMBR (Scheme in figure 2)is a compact equipment that carries out complete secon-
dary wastewater treatment, including water clarification due to its characteristics:

(b) Biogas (c)
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Figure 1. Schematic of Anaerobic Membrane BioRactor (AnMBR) a) Side-stream AnMBR; b)
Submerged AnMBR (Adapted from Maaz et al., 2019)
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—The water leaves the reactor via a semi-permeable membrane module. Ultrafiltration or
Microfiltration membranes are usually employed.

—The membrane module is external to the bioreactor (figure 2a) or submerged (figure 2b).

—In 2a) a recirculation pump is needed to provide tangential flow and transmembrane pres-
sure, while in 2b) a vacuum pump is used on the permeate side, limiting transmembrane
pressure to a maximum of about 1.0 bar and requiring biogas sparging below the membra-
ne to promote up-flow tangential water movement

—This system precludes the use of gravity solids separation, which often limitingin other
anaerobic processes by needing large area for implementation and has issues with poor
settling or floating biomass flocs.

—There is a near total solids retention by the membrane

- Very high biomass concentrations are attainable within the reactor (above 20 g TSS/L is
possible). Such high concentration compensates for sub-optimal temperature operation
in domestic wastewater treatment. These are small, compact systems with no need for
large secondary settlers. Very high SRT (up to 20 d) is obtained. Waste sludge is produced
in small, well stabilized volumes, and slowly biodegradable organics are removed.

- Effluent water has excellent quality, with low turbidity, SST, BOD, and pathogen conten-
ts. This is ideal for water reuse for farm irrigation in small communities.

- Low dissolved methane content on treated water. The use of specific membranes or vacuum
operation allow for a higher energy recovery yield and lower greenhouse gas emissions.

— Reliable treatment process. As long as the operational conditions of the membrane modu-
les are respected, the quality of treated water will be consistently high.

The AnMBR design implies also a number of significant disadvantages and limitations:

- Membranes are subjected to fouling. Membrane surfaces and pores are subjected to the
accumulation of insoluble material (biofilms, precipitates, adsorbed biomolecules such as
proteins and polysaccharides), which hamper liquid flow across the membrane. The flux
across the membrane decreases with time as fouling accumulates, creating the need for
counter measures.

- Investment cost significant. Though to a great extent compensated by system compact-
ness Operation and maintenance costs significant. Energy for recirculation and/or trans-
membrane pressure providing pumps; maintenance of the membrane modules, especially
to counter fouling; periodic replacement of the membranes

The main fouling control measures applied are:

— Gas scour. Biogas generated in the process is compressed and bubbled along the membra-
ne surface to minimize particle attachment and biofilm growth.

— Granular activated carbon abrasion. Suspended GAC particles erode biofilms and deposited
fouling. Porosity supports biofilm growth within the particles, further increasing SRT, whi-
ch, together with adsorption, helps remove recalcitrant organics.
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- Frequent periodic backwash. Helps detach fouling on membrane surface or within its pores.

- Frequent periodic chemical washing of the membrane. For short periods, using dilute so-
lutions of chlorine, hypochlorite or citric acid, often used as backwash solution, does not
involve removing the membrane module from the system.

— Maintenance chemical washing of the membrane. Requires removal of membrane modules
and installation of spares. The modules are treated in more aggressive chemical baths: concen-
trated chlorine, caustic soda, detergents or enzymes may be used. Cleaning may last up to 24 h.

These investment and maintenance costs may preclude the use of AnMBR technology by

small urban settlements. However, given that maintenance washing for fouling control is only
periodic and that automation and remote sensing minimize the need for local supervision, a
single team of skilled operators can reasonably handle several facilities in separate nearby urban

settlements, thus reducing the overall operating costs.

CONCLUSIONS

Anaerobic wastewater treatment processes bear the promise to reduce operating costs by
avoiding aeration energy costs and producing minimal amounts of waste sludge. However, spe-
cial designs are needed to counter their intrinsic disadvantages, especially the kinetic effect of
sub-optimal temperatures and the poor settling characteristics of anaerobic biomass. The best
solutions for small urban settlements are the UASB / polishing post-treatment and the AnMBR
alternatives. Both designs can be installed at small scales, making it possible to use the in small
urban settlement contexts. Both designs counter the effects of low temperatures by keeping
a large concentration of biomass inside the system, and while for the UASB the solids removal
has to be complemented by a polishing post-treatment, for the AnMBR the use of membranes
that totally reject solids tackles the problem, directly providing water with enough quality to be
used in farm irrigation. The special maintenance and operation requirements of these systems
can better be afforded by small communities with the use of automation, remote sensing and
information technologies, so that a single team of operators can handle a small number of near-
by facilities using similar technologies. Taking into account that these technologies also provide
resources recovered from wastewater - irrigation water, fertilizing nutrients in both treated wa-
ter and stabilized sludge, and energy in biogas — they may help small rural communities meet
some of their special demands in a sustainable, circular economy concept.
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Abstract

The interest in the use of UASB (Upflow Anaerobic Sludge Blanket) reac-
tors for the treatment of urban wastewater has been growing, especially
in tropical and subtropical regions with wastewater temperatures above
20°C. However, in countries with slightly lower temperatures at certain ti-
mes of the year (15°C) the technology has rarely been tested, which is why
Aguas do Algarve, S.A. has advanced with the performance of prototype-
-scale tests. For this purpose, anaerobic reactors, designed and patented
by FCC AQUALIA SA, called Pulsed Solids hydrolyser (PUSH®), were used.
These reactors were developed to overcome the performance limitations
of UASB reactors in the treatment of urban wastewater with temperatu-
res below 20°C, as in the case of winter in the Algarve region. Thetestswe-
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PERFORMANCE ANALYSIS OF INNOVATIVE UPFLOWANAEROBIC
REACTOR AT THE LAGOS AND LOULE WWTP

queAas aglomeraciones urbanasandPREDAQUA - Pré-tratamientos en
Depuracion de Aguas Residuales Industriales y Domeésticas: Contribu-
cién al Desarrollo Econémico, respectively at the Lagos and Loulé WWTP.
At the Lagos WWTP, whose effluent has high salinity (conductivity in the
range 2 - 30 dS / m), the system performance was quite poor, fundamen-
tally reflecting the low COD / SO, 2 ratio (1.8). As for the Loulé WWTP, whi-
ch has no saline intrusion (conductivity in the range 0.5-2.7dS/m; COD/
SO, ? ratio of 25.4) and in which the effluent generally has a high concen-
tration in organic matter (BOD, of 630 mg / L) the results obtained were
excellent, with removal of COD and BOD, above 80%.

INTRODUCTION

Anaerobic processes, due to their economic viability, have been applied in the treatment of
wastewater with higher concentrations of organic matter (typical COD values in the range of
1500 - 2000 mg/L). However, technologies such as EGSB (Expanded Granular Sludge Bed) and
UASB (Upflow Anaerobic Sludge Blanket) have been identified for some years as promising for
treatment of wastewater with lower concentrations of COD (Brito and Melo, 1997). Anaerobic di-
gestion in urban wastewater treatment depends heavily on the temperature of the wastewater,
given the lower activity of anaerobic microorganisms at temperatures below 20°C, so, naturally,
this technology is more attractive in tropical and subtropical countries (Chernicharo, 2007). The

main advantages and disadvantages of anaerobic processes are summarized in Table 1.

Table 1. Advantages and disadvantages of anaerobic processes (Chernicharo, 2007)

Advantages Disadvantages

Low sludge production, about 3 to 5 times lower Anaerobic microorganisms are more susceptib-
than aerobic processes. le to inhibition due to the presence of numerous
compounds and to adverse temperature condi-

Low energy consumption, usually associated with
pumping the influent.

tions.

The start-up of the process may be slow, if anae-

Reduction of construction costs. Tesie Barees e e ey lameel

Smaller area for implementing biological treatment. Possibility of emitting odors, which can be trea-

Produces renewable energy in the form of biogas. ted.

High tolerance to organic loads. The bi9ch§mistry and mic‘rgbiology of anagrobic
digestion is complex, requiring further studies.

Small and large WWTP application. o
Post-treatment needed for effluent polishing.

Low consumption of nutrients. . . .
Low removal of nutrients and pathogenic mi-

Removal of COD and BOD, in the order of 65 to 75%. croorganisms.
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In anaerobic systems, most of the biodegradable organic matter is converted into biogas (70
to 90%), which can be used as a renewable energy source, and a small part of organic matter
(5 to 15%) is converted into biomass, resulting in a reduced amount of excess sludge, generally

more concentrated and easily to dewatered(Figure 1).

/COZX /Esmgasx

rins 70 to 90%
{# ~ .
R Anaerobi
eronic o Effluent
100% COD Effluent 10? c 10 to 30%
Reactor 510 10% Reactor
.
Sludge Sludge

Figure 1. Biological conversion of aerobic and anaerobic systems(Chernicharo, 2007)

Most of the WWTPs offer the solution of biological treatment by activated sludge, so the
application of anaerobic digestion in the liquid phase, upstream of the biological treatment,
with COD removal efficiencies in the order of 65%, will allow not only a reduction in energy costs
associated with the aeration stage, which represent about 40 to 60% of the total energy con-

sumption at the WWTP, as well as a lower sludge production.

METHODOLOGY

Within the scope of IDIAQUA project activities (A4 - Plan de ProyectosDemostrativosinnova-
dores) e PREDAQUA (A3 - Construccion e instalacién de infraestructuras de pre-tratamiento:
obra civil y maquinaria), Aguas do Algarve SA installed, in the treatment of the liquid phase,
prototypes of anaerobic digestion, with the objective of testing this technology in two WWTPs,
which have different influents characteristics: the Lagos WWTP with influentsubject to saline
intrusion and the Loulé WWTP, with relatively high concentrations of organic matter.

To this end, in January 2019 Aguas do Algarve SA launched the Public Tender: “Design, Ins-
tallation, Start-up and Monitoring of the Upflow Anaerobic Reactor Prototype UASB(WWTP in
Lagos - Lot 1and WWTP in Loulé - Lot 2), and the contracts were awarded at the end of May 2019
to the company FCC AQUALIA S.A, with a duration of 24 months. The anaerobic reactors, desig-
ned and patented by FCC AQUALIA SA, called Pulsed Solids hydrolyser (PUSH®), were develo-
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ped to overcome the performance limitations of conventional UASB reactors in the treatment
of wastewater with temperatures below 20°C, as is the case with winter in the Algarve region,
and low concentrations of organic matter in the affluent wastewater. PUSH® anaerobic reactors
have the following specific characteristics:

1. An upper tank used to feed the reactor by pulses, ensuring a high mixing energy in the
sludge bed to get a good contact between the organic matter and the biomass. As a con-
sequence, it promotesa higher organic matter removal efficiency and a higher biogas pro-
duction. Also, this pulsed feedavoids the obstructions in the inlet pipes due to the high flow
velocity reached during the pulse.

2. A cold digestion zone at the bottom to achieve solid retention times greater than 30 days,
in order to reach the hydrolysis of the suspended solids, especially working with wastewa-
ter temperatures below 16°C.

3. A stripping system for recoveringthe dissolved methane from the reactor effluent.

The start-up of prototypes in the Lagos and Loulé WWTPs took place in January 2020 with the
filling of anaerobic sludge in the reactor, and its continuous operation started in February 2020.
During the operation period, monthly laboratory analyzes were performed on the physical-che-
mical parameters (organic matter, solids, sulfates) in the wastewater at the inlet and outlet of the
prototype, quality of biogas and biomass concentration in the reactor. The prototypes were also
equipped with continuous probes allowing the monitoring of the conductivity in the wastewater
fed to the prototype, and pH, temperature and suspended solids in the treated wastewater.

Figure 2. Photos of the UASB PUSH® prototypes installed at the Lagos (a) and Loulé (b) WWTP
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RESULTS AND DISCUSSION

The PUSH® prototypes operated in an initial phase, from Feb-20 to Jul-20, with hydraulic
retention times of 36 hours, in order to promote better conditions for the formation of biomass
in the anaerobic digester, and are currently operating with 12-hour hydraulic retention times.
In terms of energy consumption, the installation had a specific consumption of only 013 kWh /
m3, which is in line with the low energy consumption expected in these systems (Chernicharo,
2007). Tables 2 and 3 show the results of the monitoring carried out during the operation phase

of the prototypes at the Lagos and Loulé WWTP.

Table 2. Removal efficiencies and physico-chemical characterization in the wastewater fed to

the prototype and treated wastewater at the Loulé and Lagos WWTP

PUSH® Lagos PUSH® Loulé

with saline inflows with high organic loads
Parameters
Feed effluent Sz Rfar.novz.:l Feed effluent L E Rgr.nova.\l
Treated efficiencies treated efficiencies
PH 7.5 7.5 - 7.3 6.9 -
COD (mg/L) 594 357 40% 143 218 81%
2ieiby 217 208 4% 631 105 83%
(mg/L)
TSS (mg/L) 214 42 80% 448 47 90%
VSS (mg/L) 208 27 87% 373 38 90%
SO,2(mg/L) 332 16 65% 45 10 78%
COD/sO,? 1.8 - - 25.4 - -

From the analysis of table 2, it can be seen that the Loulé WWTP prototype has high or-
ganic matter removal efficiencies, of 81% for COD and 83% for BOD,, when compared with
reference values that range between 65 and 75% (Chernicharo, 2007), which reveals a
good performance of biological treatment. The Loulé WWTP has no saline intrusion, pre-
senting a COD/SO,? ratio of 25.4 (table 2) and high average COD values for a typically ur-
ban wastewater (1143 mg /L), data that are favorable for the anaerobic digestion process. For
example, Hulshoff Pol et al. (2001) indicate that the COD/SO,? ratio must be greater than
10 for the anaerobic wastewater treatment to be successful, which is in line with the results ob-
tained at the Loulé WWTP.

At the Lagos WWTP, the prototype has lower organic matter removal efficiencies, only 40%
for COD, justified by the fact that the WWTP has a significant contribution of undesiredsaline
water inflows in the drainage network, with values conductivity in the influent to the prototype
in the range of 2 to 30 dS/m (Figure 3), and average sulfate value of 332 mg/L. The COD/SO,?
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ratios (table 2) in the Lagos WWTP are low, mainly due to the significant presence of sulfates in
the wastewater.

1-6 4-6 7-6 10-6 13-6 16-6 19-6 22-6 25-6 28-6 1-7
Data

Figure 3. Example of the monthly conductivity evolution
of the PUSH® prototype in Lagos (June 2020)

Table 3. Average biogas composition in the reactor

and after stripping the treated effluent in the Loulé and Lagos WWTP prototypes

PUSH® Lagos PUSH® Loulé

. . with saline inflows with high organic loads
Average biogas composition
Methane CH, (%) 75 54 75 72
Carbon dioxide CO,(%) 6 4 9 10
Oxygen O, (%) 0 o] (0] (0]
Nitrogen N, (%) 18 40 15 17
Hydrogen Sulfide H,S (ppmv) 7428 7372 2251 2821

From the analysis of table 3, it is apparent that the WWTP in Lagos has high values of Hydro-
gen Sulfide in the biogas composition, which corroborates the fact that the WWTP has high
concentrations of conductivity and sulphates in the influent wastewater. Operation data from
the Lagos WWTP shows a lower biogas production when compared to the Loulé WWTP, condi-
tioned by the operating mode of the prototype,given the high conductivity values. In the period
from March to August, the wastewater supply to the prototype was programmed to be interrup-

tedwhen the conductivity values are above 10 dS/m on the wastewater. In order to promote the
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functioning of the prototype in a more continuous way, this threshold was increased to 20 dS/m
even in August, having been maintained until November. However, there was a need to adjust
again to the maximum value of 10 dS/m, in view of the lower performance that the prototype
presented with these conditions.

In terms of the yield of methane production, the PUSH® in Loulé has an average value
of 0.21 m* CH,/kg COD which is quite good considering that the theoretical value is
0.35m*CH,/kgCOD_, . . .
the onset of autumn, negatively affects yield. The Lagos PUSH® prototype showed much lower
yields (in the order of 0.10 m* CH,/kg COD_, . ) due to the previously mentioned issues arising
from saline intrusion. Furthermore, in the presence of sulphate there will be microbiologic ac-
tivity of sulphate-reducing bacteria, which consume COD more efficiently than methanogenic
bacteria, without forming methane and forming hydrogen sulphide (H.,S), which inhibits metha-

eliminated?!

In figure 4, it can be seen how the decrease in water temperature, by

nogenesis (Tchobanoglous et al., 2003).
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Figure 4. Yield of methane production of the PUSH® prototype of Loulé

CONCLUSIONS

The PUSH® prototype at the Lagos WWTP showed a lowerperformance thanthe Loulé
WWTP, with organic matter removal efficiencies of 40% for COD and 4% for BOD_,and a me-
thane production yield of 010 m* CH,/kg COD _, . . The poor results obtained in the Lagos
WWTPis due to the high influentsalinity (conductivity in the range 2 - 30 dS/m), which affects
the performance of the system, fundamentally reflecting the low COD/SO,? ratio (1.8). Higher
conductivity values cause instability in the anaerobic digestion process, namely inhibition of

195



PERFORMANCE ANALYSIS OF INNOVATIVE UPFLOWANAEROBIC
REACTOR AT THE LAGOS AND LOULE WWTP

microbiological activity, difficulty in settling biomass and consequently the biomass washout.
In order to minimize the impacts of the conductivity peaks, the feeding to the prototype was
programmed to be interrupted in the presence of conductivity peaks.However, this measure
alone was not enough to promote an improvement in its performance, taking into account long
periods without feed.

The PUSH® prototype of Loulé showed high organic matter removal efficiencies, in
the order of 81% for COD and 83% for BOD,, with an average methane production yield of
0.21 m3CH,/kg COD_ ., ...
of saline waters (conductivity in the range 0.5 - 2.7 dS/m and CQO/SO, ?ratio of 25.4), the Loulé
WWTP has an influent generally with a high concentration of organic matter (BOD_630 mg/L),

It is important to mention that, in addition to not having affluence

conditions that favor the process of anaerobic digestion. This technology implemented in the
liquid phase at the Loulé WWTP, after a screening system, proved to be quite attractive, consi-

dering that the installation has high organic loads.

ACKNOWLEDGEMENTS

Thepresentworkwasdevelopedwithinthescope of theprojects IDIAQUA - Potenciacion de Ila
I+D+i de excelencia en materia de depuracion de las dguas en pequenas aglomeraciones ur-
banasand PREDAQUA - Pré-tratamientos en Depuraciéon de Aguas Residuales Industriales y
Domésticas: Contribucion al Desarrollo Econémico, withfundingfromthe FEDER “INTERREG
Spain-Portugal CooperationProgram (POCTEP) 2014-2020"

REFERENCES

- Brito A.G., Melo L.F,, 1997. A simplified analysis of reaction and mass transfer in
UASB and EGSB reactors. Environmental Tecnnology. Vol 18, pp 35-44

- Chernicharo C.A.L., 2007. Anaerobic Reactors. In Biological Wastewater Treatment
Series. London: IWA Publishing. Vol 4, pp 1- 4, 82-85

- Freitas Melo D. de, Neves P.N., Bressani-Ribeiro T., Chernicharo C.A.L., Passos
F., 2020. The effect of seasonality in biogas production in full-scale UASB reac-
tors treating sewage in long-term assessment. Int. J. Sustain. Energy, DOI:
10.1080/14786451.2020.1797741

- Hao T., Xiang P., 2020. Exploration of sulfate reducing sludge granulation with real
domestic sulfate-laden wastewater. Sci. Total Environ., Vol 743, pp 140734

- Hulshoff Pol L. W., Lens P.N.L., Weijma J. and Stams A.J.M,, 2001. New developments
in reactor and process technology for sulfate reduction. Water Science and Tech-
nology, Vol 44 No 8, pp 67-76.

196



PERFORMANCE ANALYSIS OF INNOVATIVE UPFLOWANAEROBIC
REACTOR AT THE LAGOS AND LOULE WWTP

- Tchobanoglous, G; Burton, F.L. and Stensel, H.D., eds.,2003.Wastewater Engineering
- Treatment and reuse, Metcalf & Eddy Inc., 4" ed., p.632 and 994, McGraw-Hill, USA
-Zhang V., Zhang L., Guo B,, Zhou Y., Gao M,, Sharaf A,, Liu Y., 2020a. Granular activa-
ted carbon stimulated microbial physiological changes for enhanced anaerobic
digestion of municipal sewage. Chem. Eng. J., Vol 400, pp 125838
-Zhang V., Guo B,, Zhang L., Liu Y., 2020b. Key syntrophic partnerships identified in a
granular activated carbon amended UASB treating municipal sewage under low
temperature conditions. Bioresour. Technol., Vol 312, pp 123556

197






EVALUATION AND MATHEMATICAL
MODELING OF A NEW FILTERING DEVICE TO
IMPROVE THE EFFICIENCY OF REMOVAL OF

CONTAMINANTS IN UASB REACTORS

K.D. Rodriguez Gonzélez - C.J. Abrego Géngora - B. Limén Rodriguez
G. Lerma Baez

Faculty of Civil Engineering — Autonomous University of Nuevo Ledn, Mexico,
krodriguezge@uanl.edu.mx; carlos.abregogn@uanl.edu.mx; benjamin.limonrd@uanl.edu.mx;
glermabe@uanl.edu.mx.

Abstract

Water scarcity is a problem that has been present for many years and
water treatment plants do their best to remove their pollutants. Even
so, these processes, mainly biological ones, should be improved by im-
plementing alternatives that improve the removal of solids present in
wastewater. In the search to improve the conventional treatment and its
economy, this study presented: the physical and mathematical imple-
mentation of an Upflow Anaerobic Reactor (AR) coupled to two ceramic
gravity filters (FGC) of different thickness (2 and 3cm), low real operating
conditions, consequently, a bibliographic review of mathematical mo-
dels of UASB reactors and ceramic filters simulated and calibrated in the
WEST software was elaborated and finally, the statistical analysis was ela-
borated to compare the performance between the proposed FGC vs. The
common alternative, settlers.
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INTRODUCTION

Population growth, industrialization, agriculture, and urbanization have increased water con-
sumption in recent years, thus generating a deficit of fresh water and indirectly an increase in
the discharge of wastewater (Hasan M, 2011), causing wastewater treatment plants (WWTP) to
be forced to improve their purification processes. Due to the characteristics of the existing treat-
ment processes in Mexico, the implementation of an up-flow anaerobic reactor provided with
two ceramic gravity filters was proposed, to improve the removal efficiency of organic pollu-
tants and reduce the operating costs of conventional systems. In addition, modelling has been
implemented on many occasions to know the dynamic behavior of process and the same way
to be able to optimize and/or improve that processes, which would be an important application
in wastewater treatment studies (WEF, 2013). However, there are not many studies that statis-
tically represent the capacity that different types of filters must perform a similar operation of
secondary settlers, which would provide a new avenue for the investigation of this type of study.
Based on the aforementioned, this project implemented a AR coupled to a set of FGC seeking
to improve the efficiency of solids removal along with the development of a mathematical mo-
del of its process and determining the suitability of the filters as an alternative to replace the
secondary settlers.

METHODS

For the preparation of this study, 3 phases were defined, the first one was the developed star-
tup of the RAFA-FGC in the Wastewater Treatment Plant in the North of Monterrey Metropolitan

Area under real conditions. This system has the following physical characteristics:

Table 1. Physical conditions of RAFA-FCG

Internal Volume

UASB 425 447 7.00
FCG1 30.0 16.0 18.0 6.00
FCG2 30.0 15.0 18.0 5.00

The filters (figure 1) were made of different materials such as by-products of the Copper smel-
ting, annealed clay partition by-products, and Kentucky old mine clay # 4.
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Figure 1. Ceramic Filter

On the other hand, within the operation of the RAFA-FGC, the wastewater enters the lower
zone of the UASB-type anaerobic reactor, performing an ascending behavior (Hydrolysis) until it
reaches its discharge point. The effluent from this reactor is sent and distributed through a se-
ries of pipes to the filtration system. At this moment, the water makes a downward movement
because of gravity, until it reaches the ceramic filters. Subsequently, the treated water encoun-
ters each of the filters, which with the help of the hydraulic load will be filtered, thus obtaining
an additional post-treatment to that carried out by the UASB reactor. The particles retained by
the filters that little by little will obstruct its internal pores will be washed and returned to the
pumping system by the lower discharges.

In the second phase, an exhaustive bibliographic review was carried out regarding the mode-
ling studies of filters and UASB reactors to find the equations that could be used to determine
the dynamic behavior of the proposed RAFA-FGC system. Concerning the filters, a system was
applied that helps to improve their washing conditions, thus improving the operating process.
The filters were washed by a reverse flow gravity system through two valves using a double
outlet technique that regulates the flow, as necessary. It should be noted that both valves at the
outlet of each filter never would be open.

After obtaining the analysis and results of the removal of pollutants, the performance was
evaluated in comparison with the reports of average separation efficiency of secondary settlers
installed downstream of a RAFA. For this study, clarifiers operating under similar working condi-
tions to those of the filters understudy at the North Plant were taken as comparison examples;
Based on the above, a statistical analysis was developed to compare the performance of the
filtration system vs. sedimentation system, to determine if the filtration efficiency is statistically
comparable to conventional sedimentation, which corresponded to the third phase of this in-

vestigation.
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RESULTS AND DISCUSSION

According to the first phase of this project, the UASB Reactor coupled to the ceramic filters
was put into operation. Next, Figure 2 shows the AR assembled in the North plant of the Mon-
terrey metropolitan area, connecting to the distribution duct of the tributary to the treatment
trains of the North WWTP, installed downstream of the settling.

Figure 2. RAFA-FCG
For the mathematical modelling of this process, an exhaustive bibliographic review of 37 ar-
ticles was implemented. Of these, we tried to find those equations that were applicable in our

project. Next, in Tables 2 and 3 some of the models found are presented.

Table 2. Equations AR

| awo . _Equaton

GAY | F F
2 - _Zai+Exi
Andrews (1971) ot vV V YK
dx g umaxs
Z=2X(Xo-X X-K
ar v X TXOY S ax
Tamayo (2005)
95 _ 4 (55— 5¢)— LMaxS
at v Y(K+S5)
as X,
V—=05-(u-K;)V—-=0S§
= = 05— (u-K)V - -05,
Enitan (2015)
ds X
V—=08—-(u—-K,)V—L-08
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Table 3. Equations FGC
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ox Q' df”
ot AQ ds¥

Varela (2014)

The above tables summarize the bibliographic review of some models developed for the
anaerobic digestion of wastewater and filters. It should be noted that were considered only tho-
se investigations that show possible contributions to the present project and those most related
to it were included. Now, considering the bibliographic reviews, it was possible to establish that
the differential equations most closely related to the present study were Enitan et al. (2015) for
the anaerobic reactor and Barre and Conway (2004) for the filter, due to the variables used since
their equations manage to adequately describe the dynamic behavior of the biomass, the subs-
trate, and the methane production for the reactor, as well as the filtration in the FGC. Besides,
the input data to both models are easy to obtain, therefore they will be taken as the base for
modelling this research.

CONCLUSIONS

From this study, it deduced that the assembly of the AR-FGC was carried out in the North
plant of the metropolitan area of Monterrey together with the operation of this novel process.
Monod kinetics is the most appropriate to use due to the great affinity with the behavior of

wastewater treatment including anaerobic processes.
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Existing mathematical models were selected, and their equations were adapted to the con-
ditions of the proposed RAFA-FGC system.

REFERENCES
- Andrews J, Graef S. Dynamic modelling and simulation of the anaerobic digestion
process. Adv chem ser 1971; 105:126-62.

- Enitan A, Adeyemo J, Swalala F, Bux F. Anaerobic Digestion Model to Enhance Treat-
ment of Brewery Wastewater for Biogas Production Using UASB Reactor. Environ
Model Assess, (2015).

- Hasan M, Shafiquzzaman M, Azam S, Nakajima J. Application of a simple ceramic
filter to membrane bioreactor. Desalination. Volume 276 (2011) 272-277.

- Mininni G, Spinosa L, Misiti A. Evaluation of filter press performance for sludge
dewatering, Water Pollution Control Federation (1984), pp. 331-336.

- Mufnoz-Tamayo, Rafael & Angulo, Fabiola & Marin, Jorge. (2005). Modelado y control
automatico de Temperatura en un reactor anaerobio de manto de lodos de flujo
ascendente UASB para el tratamiento de lixiviados en el rango mesofilico. Un es-
tudio tedrico.

- R.D Barre, M\W. Conway. Beyond Beta Factors: A complete model for Darcy, For-
cheimer, and transForcheimer flow in porous media. SPE International, SPE 89325
(2004).

- Varela J. Modelling and Simulation of One-Dimensional Fluid Flow in Porous Media.
(2014.) Universidad Nacional Paraguay.

- Wardhani P (2017). Mathematical and Experimental Study of Anaerobic Digestion
Process and Biogas Generation from Fruit and Vegetable Waste. Okaya university
(Doctor “s course).

- WEF (2013). Wastewater treatment process modelling, United State of America, Vir-
ginia.

- McGrawHill. Second edition. Chapter 2.

204



L. Sillero, M. Tena - M. Pérez, R. Solera
Department of Environmental Technologies. IVAGRO. Faculty of Marine and Environmental
Sciences (CASEM). IVAGRO. University of Cadiz. Pol. Rio San Pedro s/h,
11510 Puerto Real (Cadiz), Espana.

Abstracts

The Water2REturn project involves the large-scale implementation of a
waste treatment system for Matadero del Sur S.L. based on the Circular
Economy model. In this context, the anaerobic digestion of the sludge
generated in a previous aerobic stage and enzymatic pre-treatment with
Bacillus Liqueniformis allows the generation of clean renewable energy
as biogas as well as a final digest free of pathogens and susceptible to be
used as a substrate for the growth of microalgae.

INTRODUCTION

In recent years, the population and industry have grown notably, causing a general decline
in water quality. The meat industry is a growing subsector in our country that feeds mainly on
short-cycle animals and intensive feeding. Andalusia occupies the third position of meat pro-
duction by Spanish autonomous communities.

Wastewater from slaughterhouses, dairy, brewery, pharmaceutical industries, among others,
can cause harmful effects on humans, flora and fauna (Aziz et al., 2019). Specifically, wastewater
originating from slaughterhouses has characteristics that depend on various factors such as the

size of the slaughter facility, the type of animal slaughtered, or the amount of water consumed
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in washing the equipment. In general, they have a high concentration of organic matter com-
posed mostly of blood, skin and manure; suspended solids, oils and fats, mainly, in addition to
the presence of heavy metals and antibiotics (Agabo-Garcia et al., 2020). The direct discharge of
these wastewater produces negative effects for the environment and human health, making it
necessary to look for sustainable management alternatives to avoid these risks, mainly based on
reuse and recycling. In this context, the Water2Return project involves the treatment of slaugh-
terhouse water in an industrial prototype with the following objectives:

- to recover nutrients from wastewater from slaughterhouses.

- To obtain a final product suitable as a pathogen-free biofertilizer.

- To generate energy self-sufficiency of the plant and the slaughterhouse factory.

- To eliminate the waste destined for landfills.

- To decrease environmental pollution and the production of adverse effects in water bodies.

The place chosen to carry out this project is located in Seville, specifically in Salteras, in an
industrial slaughterhouse called Matadero del Sur S.L.

The proposed treatment process involves the different public and private institutions par-
ticipations that work together to optimize each operation involved in the biomass and energy
revaluation process. The coordination of the project is carried out by the company BIOAZUL,
which acts as an intermediary between the partners and the European Commission. This will
also manage the innovation management group.

Within the entire process there are different stages carried out by the different groups:

- Wastewater treatment, carried out by BIOAZUL S.L. and CENTA (Center of New Technologies

of Water).

- Fermentation of the sludge, whose managers are the research group of Technologies and

application of enzymes of the University of Seville

- Anaerobic Digestion, which is in charge of the Department of Environmental Technologies

of the University of Cadiz and ADVENTECH.

- Treatment with microalgae, managed by ALGEN.

- And finally, KIMITEC Group, the University of Seville and the University of Ljubljana, which

are in charge of the physical-chemical and biological characterization of all the products.

Among the different treatments that make up the industrial prototype, this work focuses on
the anaerobic digestion process. This process consists of the degradation of organic compounds
with the help of various groups of microorganisms (archaea and bacteria) in the absence of
oxygen and consists of 4 consecutive stages: hydrolysis, acidogenesis, acetogenesis and meth-
anogenesis. Anaerobic digestion can present drawbacks such as a prolonged start-up period or
the sensitivity of the process to temperature, but at the same time it has numerous advantages
such as excellent removal of organic matter, lower production of sludge, low energy require-
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ments and renewable energy production..

Another important advantage is the reduction of space that is achieved with an anaerobic
digester to treat large quantities of wastewater compared to aerobic ponds that need a lot of
surface, a treatment that is traditionally widely used in the treatment of wastewater in these
industries. Thus, it is possible to value a by-product and obtain biogas that can self-supply the
plant and the slaughterhouse in addition to the recovery of nutrients in the form of digest with
agronomic properties. In addition, the CO2 generated in the biogas will be used to feed the mi-
croalgae pool, reducing the emission of greenhouse gases.

This work describes the stage corresponding to the start-up and stabilization of the anaero-
bic process as it is the one with the greatest involvement for the University of Cadiz.

Materials and methods Substrates and inoculum

The substrates used in the feeding of the AnNSBR are the following:

- Slaughterhouse waste water generated in the activity carried out in the Matadero del Sur

S.L., that is, slaughter, cutting, washing of equipment ...

- Pre-treated sludge generated in the aerobic treatment of slaughterhouse wastewater.

- Fats removed in the pre-treatment of slaughterhouse wastewater.

Initially, the AnSBR digester was filled with a mixture of sludge and water from one of the

treatment ponds from the slaughterhouse itself, with a content of 2.3 g / L of volatile solids.

Description of the treatment process

Within the Water2Return prototype, the University of Cadiz is working on optimizing the
anaerobic digestion process. The central unit of the process is made up of AnSBR (Anaerobic
Sequential Batch Reactor) technology. The system is also equipped with homogenization tank
that allows the storage of: raw water from the slaughterhouse, aerobic sludge, effluent from the
enzymatic aerobic sludge treatment process, as well as fats removed during degreasing. The
biogas generated in the process goes through a cogeneration cell in which the CH4 is trans-
formed into H2, while the CO2 will serve to feed the microalgae pool. Finally, the clarified, nutri-
ent- rich effluent will serve as a culture medium for the microalgae.

Description of the homogenization tank and AnSBR

The anaerobic system has a homogenization tank and an AnSBR digester. The homogeniza-
tion tank has a 15 m 3 capacity and 3 meters in height, whose utility is to store the waste gener-
ated in the slaughterhouse. It has a stirring system, pH control, level probe and sampling. Con-
nected to this tank there is an anaerobic digester with a capacity of 30 m 3 and 6 meters high,
equipped with a stirring system, level probe, temperature control, pressure probe, sludge outlet
and sampling. It has a gas outlet connected to an energy cogeneration system to obtain clean
electricity to supply the plant. The effluent outlet is connected to an algae plantation in order to

obtain biomass. A flow meter is located between the two tanks to control the feed flow.
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Operating conditions

The AnSBR process involves 4 operational stages. The established agitation was 30 minutes /
hour for 20 hours, leaving 4 hours without agitation for settling and evacuation of the effluent. In
the connection from the homogenization tank to the anaerobic digester there is a flow meter to
control the amount of feed transferred. And each tank has a level probe that gives us a reading
of the volume of waste inside. It also has a boiler that is responsible for keeping the digester in
mesophilic conditions, around 35 ° C, as well as a pH control system.

Initially, a hydraulic retention time (HRT) of 20 days was set, which implies a daily feed equiv-
alent to Tm3 and, therefore, a discharge of 1 m 3 of effluent.

The entire anaerobic process is programmed to operate automatically through a SCADA pro-
gram. Through the computer program we have access to control the operating conditions of
our unit remotely, as well as all the control parameters that are included in the plant, allowing it

to operate automatically.

Analytical methods

First, an initial characterization of the substrate used was made, measuring parameters such
as total chemical oxygen demand (TCOD), soluble oxygen chemical demand (TCOD), total solids
(TS), volatile solids (VS), organic matter (O.M.), carbon / nitrogen ratio (C/N ratio) and volatile fatty
acids (VFA) content, according to standard methods (Standard methods, 2012).

RESULTS AND DISCUSSION

The experimental results of operation in the initial stage of feeding to the AnNSBR reactor are
shown below. As can be seen, the initial characteristics of the substrates vary in each sampling
since they depend on the daily activity carried out in the slaughterhouse, as shown in Table 1.

Table 1. Initial characterization of the AnSBR.

ree o wan | vsen | tcoomaiy | scopman

23-sep 7,98 2,19 0,47 1012,93 752,46

Ol-oct 6,83 515 2,33 3762,33 2556,45
22-oct 6,74 2,28 0,93 9087,47 4876,56
28-oct 6,95 2,64 1,10 2749,39 1939,04

The experimental data of characterization of the feed and effluent of the AnSBR digester

during these first weeks show an efficiency of purification of organic matter, measured as COD,
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of 57% TCOD and 44% of SCOD, with expectations that it increases rapidly. Total solids (TS) and
volatile solids (VS) are progressively decreasing, obtaining an increasing purification efficiency
as can be seenin figure 1.

-+—Removal TS(%) #— Removal VS(%)

REMOVAL TS, VS (%)
BB 83 3

&0
-
N O
w

Figure 1. Purifying efficiency in the elimination of TS.

The pH measured in the feed varies according to the discharge received with values between
6.7 and 8, however, the pH measured in the effluent has values very close to 7.

In relation to the VFA, the experimental data show an increase in the concentration of acetic
acid in the effluent. Propionic acid is removed by approximately 50% while butyric acid disap-
pears completely in the effluent. The other VFAs levels decrease in the effluent or even disap-

pear completely.

CONCLUSIONS

After the first stages of optimization of the anaerobic digestion process of the WATER 2RE-
TURN Project, the industrial AnSBR digester shows a stable behaviour with high purification
yields and a stable pH value. Percentages of removal of TS, TCOD and total VFA are reached
above 50%. As a result of these results, it is concluded that the effluent generated in the anaer-
obic process is suitable as a culture medium for the microalgae reactor.
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Abstract

The pathogen content in the final digestatesof anaerobic codigestion of
sewage sludge and wine vinasse was studied in three different condi-
tions: mesophilic temperature, thermophilic temperature and tempera-
ture-phase system (thermophilic-mesophilic). All three digestates obtai-
nedhave lower limits than those required by European legislation to be
used as organic fertilizer. In addition, the digestate of the temperature
phase system and the thermophilic reactor could also be classified as
class A biosolid, as it complies with American regulations.

INTRODUCTION

Excess sludge is the main problemfor wastewater treatment plants (WWTPs), since its ma-
nagement implies more than 50% of operating costs, being this problem more serious in small
urban agglomerations. Anaerobic digestion (AD) is the most widely used technology to reduce
the volume of sludge and, in addition, to generate energy as methane gas.

On the other hand, the large wine production that takes place in Spain is related to a high
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amount of waste in the wine sector. The vinasse generated in the wine distillation process is
one of these wastes. Although AD is a process that has been studied on numerous times for the
production of methane from wine vinasse(Jiménez et al., 2006; Pérez-Garcia et al., 2005)per-
formance of two high rate technologies, upflow anaerobic fixed-film reactor and fluidized bed
laboratory-scale, treating distillery wastewater (wine vinasses, the implementation of a specific
treatment for the purification of wine vinasse supposes high economic costs for wineries. Mo-
reover, wine vinasse is a seasonal waste, so the codigestion with sludge in WWTPs is an alterna-
tive to its management. (Tena et al., 2019).

Mesophilic AD is the most commonly applied operating regime at the European and Spanish
level. Although, currently,the interest in thermophilic AD has increased due to several advanta-
ges such as the improvement biogas productivity, the enhancement of solids removal efficien-
cy and inactivation of pathogens(Chuenchart et al., 2020)the process stability was affected at
higher loading. Whereas, the reduction in FOS/TAC value (the ratio of volatile fatty acids to total
alkalinity. However, higher energy input as well as poor stability and reliability suppose some of
the reasons why thermophilic AD is not widely used(Labatut et al., 2014). Temperature Phased
Anaerobic Digestion (TPAD) emerged in order to take advantages of both process and reduce
their drawbacks.TPAD process combines both thermophilic and mesophilic processes in a se-
guential process, allowing the advantages of both process to be used(Han et al., 1997)volatile so-
lids (VS.The use of this technology for sewage sludge treatment has been commonly used due
to thermophilic phase accelerates the limiting stage of AD and also achieves the sterilization of
the waste of pathogenic organisms. This make possible the use of the obtained digestate for
agronomic purposes(Riau et al,, 2010)such as temperature-phased anaerobic digestion (TPAD.
In addition, TPAD also allows to improvethe sludge dewaterability characteristics(Bivins and No-
vak, 2011).

Digestate is the result of the degraded biomass after biogas production, being stable organic
matter rich in various nutrients (N, P, K). The composition and quality of the digestate is highly
dependent on the composition and quality of the feedstock used(Al Seadi et al., 2013)not only
rich in plant nutrients, but also unpolluted by undesirable matter and compounds of physical,
chemical or biological nature. The most important premise of producing high-quality digestate
is utilization of high-quality feedstock for the digestion process. Measures for quality manage-
ment of digestate are implemented in a number of countries as part of national environmental,
waste or agricultural legislations. More recently, digestate quality assurance systems are also
increasingly used. The overall aim is to secure the production of high-quality digestate and to
enhance its subsequent use for agricultural purposes. Digestate can be utilized as it is produ-
ced, or it can be further refined through various treatments and technologies commonly known
as digestate processing. By digestate processing, marketable biofertilizers can be produced or
the nutrient load of the remaining effluent can be decisively reduced, up to discharge quality. A
common technology is solid-liquid separation, using screw press separators and decanter centri-
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fuges. Further treatments and technologies can be applied for stabilization of the solid fraction
or further refining of the liquid. This chapter emphasizes the main issues related to the quality
management of digestate use as a fertilizer, with references to the regulatory framework. The
possibilities of improving digestate quality, transportability and marketability through digestate
processing are also emphasized. A brief overview of other possible utilizations of digestate and
digestate fractions (side streams in digestate processing. The term “biosolids” is used when the
digestate comes from wastewater treatment(“Boletin agrario,” n.d.). Biosolids are divided into
two classes according to their pathogen content: Class A and Class B(Gerba and Pepper, 2009).
Class A biosolids are treated to reduce the level of pathogens below detectable levels and can
be used without pathogen-related restrictions at the application site. The United State Environ-
mental Protection Agency (USEPA) sets a density for Class A biosolids quality of less than 1000
faecal/g total solids and for Salmonellabelow 3 Most Probable Number/4 g total solids. Further-
more, current European legislation (Regulation (UE) 2019/1009 of the European Parliament and
the Council of 5 June 2019) stipulates that Escherichia coli (E.coli) density must not exceed the
limit of 1000 colony forming units (CFU)/g total solids and that Salmonellamust be absent in 25
mL of samples in an organic fertilizer.

In this study, final effluents from a temperature-phase system (thermophilic-mesophilic) and
both single-stage reactors operating under mesophilic and thermophilic conditions were analy-

sed to evaluate their pathogen content.

METHODOLOGY

The sewage sludge was collected at the Guadalete WWTP and the wine vinasse was supplied
by Bodegas Gonzalez Byass, both located inJerez de la Frontera, Cadiz.

The reactors used have a working volume of 2 liters. The reactor head has several openings
that are used for feed inlet, effluent outlet, biogas outlet and temperature sensor. The reactors
are placed on top of a heating plate that maintains the desired temperature. The system has a
stirring device.TPAD system consists of two reactors in series, the first operating under thermo-
philic conditions and the second under mesophilic conditions.

The determination of total coliforms, E. coli andSa/monellain the digestate of the three sys-
tems studied was carried out according to Standard Methods(“Standard methods” 2012).

RESULTS AND DISCUSSION

The pathogen content of the mixture of sewage sludge and wine vinasse fed to the reactors
is shown in Table 1. As can be seen, it does not comply with the legal requirements imposedby
European legislation or by the USEPA to be classified as class A biosolids.
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Table 1. Pathogen content of the mixture sewage sludge and wine vinasse fed to the reactors.

CFU/g TS 14442 6983 10000

After anaerobic codigestion process, neither in the TPAD system nor in both the single-stage
reactors were Salmonella colonies detected.

Regarding coliforms, the results obtained are shown in Figure 1. In the digestate of the ther-
mophilic single-stage reactor, no coliforms were detected, so they are not represented in Figure
1. In relation to the other two systems, the density of E. coli in the digestate decreased 89 % and
96 % with respect to the initial concentration for the mesophilic single-stage reactor and for the
TPAD system, respectively, being below the limit imposed by European legislation (1000 CFU/g
TS).Although the density of fecal coliforms has not been determinated, in the TPAD system it
can be assured that this density is below the limit imposed by USEPA (1000 CFU/g TS)because
the density of total coliforms in the digestate of this process is 1014 CFU/g TS.In the case of the
digestate obtained from the mesophilic single-stage reactor this fact cannot be assured becau-
se the density of total coliforms is higher than1000 CFU/g TS, as can be seen in Figure 1. Several
authors(Lloret et al., 2013; Riau et al., 2010; Rubio-Loza and Noyola, 2010)such as temperature-
-phased anaerobic digestion (TPADconcluded that TPAD system can be used for the production
of Class A biosolids because the density of Salmonella and E.coli can reach values below the

legal limits.
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Figure 1. Coliform densities in the digestate of each system tested.

CONCLUSIONS

From the results obtained, it can be concluded that the final product obtained in the thermo-

philic single-stage reactor and in the TPAD system have safe levels of pathogens and could be
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used as organic fertilizer according to European legislation, replacing chemical fertilizers that
cause a great environmental impact. These effluents could also be classified as Class A biosolids
according to USEPA.However, the digestate obtained from the single-stage mesophilic reactor,
due its microbiological characteristics, it can only be used as organic fertilizer according to Eu-

ropean legislation.
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Abstract

The use of reclaimed waters is a great strategy of adaptation to climate
change but it is necessary to ensure the quality of this resource. In this
regard, reclaimed waters with a good quality does not produce harmful
effects when reach the environment after being reused in different activi-
ties. However, emerging pollutants such as pharmaceuticals could affect
reclaimed water quality because these compounds have noticeable toxic
effects over ecosystems, especially aquatic ones. It is known that conven-
tional wastewater treatments are moderately effective to eliminate this
type of pollutants from sewage, but the researches about the efficiency
of natural treatments are scarcer. In this study, the presence of 11 phar-
maceutical compounds has been assessed in a natural wastewater treat-
ment plant of Gran Canaria (Spain). The sampling was performed mon-
thly for two years.The concentrations of the detected compounds ranged
from ng-L'to mg-L' and the removal efficiencies were moderately high
for most compounds such as stimulants or some anti-inflammatories.
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INTRODUCTION

The use of reclaimed waters in agricultural or recreational activitiesis an important alterna-
tive and a strategy to adapt to climate change in arid and semi-arid zones. Nevertheless, the
use of reclaimed waters in these activities could be controversial because the possibility that
emerging pollutants as pharmaceutical residues could enter in the food chain (Martinez-Alcala
et al, 2018). In this regard, it is important to highlight that wastewaters are the main input of
pharmaceuticals into the environment and for this reason it is necessary to ensure that reclai-
med waters present low concentrations of these compounds that do not produce deleterious
effects on the environment and farmlands.The main problem about pharmaceutical residues is
that current legislation does not establish concentration thresholds for these pollutants in water
and, subsequently, the treatments of wastewater treatment facilities are not designed to elimi-
nate them. This is especially important in natural wastewater treatment facilities, because the
wastewater purifying treatments are based on natural processes and pharmaceutical residues
could affect them. The elimination of pharmaceutical compounds from wastewaters is signifi-
cantly complex due to the variety of these analytes, their properties and the possible conjugated
compounds formed during metabolization (Gurke et al, 2015).

In the last 15 years, many scientific studies have been focused in the determination of phar-
maceuticals in conventional wastewater treatment systems (Wang et al, 2015), but the evalua-
tion of natural treatment systems (NWTS) is scarcer because these systems are not as common
as conventional ones. Nevertheless, the effects of pharmaceutical residues of wastewaters from
NWTS could produce a greater environmental impact because these facilities are usually loca-
ted in small, isolated or protected areas where conventional systems could not be installed.

In this study, eleven different compoundsbelonging to different pharmaceutical families (an-
ti-inflammatories, stimulants, lipid regulators, antihypertensives, anticonvulsants, and antibio-
tics) have been determined in the different purifying stages of a NWTS of Gran Canaria island
(Spain) in order to know the removal efficiency of the different natural wastewater treatments.
Because of the expected low concentrations of the compounds, solid phase extraction (SPE) has
been used as extraction and preconcentration technique. Then, ultra-high performance liquid
chromatography tandem mass spectrometry (UHPLC-MS/MS) has been used as detection and

determination technique.

METHODS

The samples were taken monthly during two yearsafter the different wastewater treatmen-
tsof a natural wastewater treatment plant from a rural zone of Gran Canaria Island (Spain).This
facility is based in two constructed wetlands (CWs), the first one is a vertical flow wetland and

the second one a planted sub-superficial horizontal flow wetland. This WWTP was designed
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to treat the wastewater of 500 inhabitant equivalents but nowadays it treats a higher volume
of wastewater with great results. Samples were taken in the influent (point C1) and after each
process of the treatment: Imhoff tank (point C2), vertical flow wetland (point C3) and horizontal
subsuperficial flow wetland (point C4). (Figure 1)
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Figure 1. Layout of the surveyed NWTS. Figure adapted from (Afonso-Olivares et al, 2017)

To extract and preconcentrate the target pharmaceuticals in wastewater samples, a metho-
dology based on SPE previously optimized (Afonso-Olivares et al, 2017)was used.After the ex-
traction, ultra-high performance liquid chromatography tandem mass spectrometry (UHPLC-
MS/MS) was used as separation and detection technique.This analytical methodology present
great recoveries, between 52.9 and 123.6% and appropriate detection limits, between 15.3 ng-L"’
and 13.3 ug-L". The method showed also a great linearity, with correlation coefficients (r?) over
0.99 in all cases and a good intra—day and inter-day repeatability, with relative standard devia-
tion (RSD) values below 22%

Results and discussion

The eleven pharmaceuticals were detected in all sampling points during the monitoring
campaign. Antibiotic erythromycin was the compound less detected (in less than 33% of the
samples) while stimulants such as caffeine and nicotine or anti-inflammatories such as ibupro-

fen or naproxen were detected in more than 80% of the studied samples
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Table 1. Median concentrations (ug-L7) and percentage of positive analysis

(in brackets) for target pharmaceuticals

Horizontal flow

Vertical flow

wetland wetland
Nicotine 9.606(89.5) 7.651 (89.5) 3.515 (88.9) 0.245 (81.8)
Atenolol 2.195(84.2) 1.402 (89.5) 0.742 (83.3) 0.198 (81.8)
Trimethoprim 0.034(63.2) 0.031 (68.4) 0.020 (50.0) 0.018 (36.4)
Paraxanthine 40.050(89.5) 21.243 (89.5) 5.084 (88.9) 0.596 (81.8)
Caffeine 37.888(89.5) 41.497 (89.5) 16.771 (88.9) 1.633 (81.8)
Erythromycin 0.101(10.5) 0.066 (10.5) 0.081 (33.3) 0.064 (18.2)
Carbamazepine 0.299(89.5) 0.306 (89.5) 0.432 (88.9) 0.604 (81.8)
Naproxen 9.653(84.2) 9.383 (84.2) 7.713 (83.3) 1.397 (81.8)
Ibuprofen 16.942(84.2) 21.886 (84.2) 14.209 (83.3) 9.803 (81.8)
Diclofenac 0.035(21.1) 0.028 (47.4) 0.139 (61.1) 0.525 (81.8)
Gemfibrozil 0.222(73.7) 0.647 (78.9) 2.904 (83.3) 3.972 (81.8)

As can be seen in table 1, the highest concentrations of target pharmaceuticals were from
caffeine, paraxanthine, nicotine, ibuprofen and naproxen. These compounds presented median
concentrations in the influent point that ranged from 9.60 to 40.05 ug-L" while the rest of tar-
get compounds were in the range of ng-L". The highest concentrations in a sampling were for
naproxen and caffeine, both in an influent sample. The concentrations of the target pharma-
ceuticals decreased as the purification process was performed. This can be observed in the total
median concentrations of the NWTS that were of 117.02 pg-L’ in the influent, 104.14 ug-L? after
Imhoff treatment and 51.61 and 19.06 ug-L" after vertical-flow and horizontal-flowwetlands, res-
pectively.Figure 2 shows the distribution of pharmaceuticals in the sampling points and it can
be observed thatthe majority of detected compounds are stimulants and anti-inflammatories.
Also, it can be observed that the contribution of stimulants is decreasing as the natural treat-
ment processes are performed, while the contribution of some anti-inflammmatories, such as

ibuprofen, increases.
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Figure 2. Distribution of pharmaceutical residues in the different points of the studied NWTS
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Regarding the removal efficiency of the different treatments, the Imhoff process showed a
limited removal efficiency for pharmaceutical residues. For constructed wetlands (vertical and
horizontal flows), they showed similar behaviors. In the vertical flow system, removals over 60%
were achieved for the three stimulants, nicotine, caffeine and paraxanthine. Atenolol showed a
medium removal of 51.4% and poor elimination efficiencies (between 10.6 and 33.1 %) were ob-
tained for trimethoprim, and the three anti-inflammatory compounds. Carbamazepine showed
a recalcitrant behavior and subsequently, low or even negative removal efficiencies, which coin-
cide with similar studies (Hai et al, 2018). The horizontal flow treatment provided slightly higher
removal efficiencies than vertical flow treatment. In this sense, five compounds presented me-
dian eliminations over 75% (nicotine, caffeine, paraxanthine, atenolol and naproxen). For trime-
thoprim and ibuprofen, the removals were low (30.0 and 26.4% respectively), but higher than
those obtained in the vertical flow systems. Overall, the natural treatment processes performed
in this NWTS showed great eliminations for stimulants (over 97.5%), atenolol (90.9%), naproxen
(79.4%) and trimethoprim (64.0%). Three compounds (carbamazepine, diclofenac and gemfibro-
zil) showed negative removals after the whole purification system and this trend coincide with
a previous study performed in this NWTS(Afonso-Olivares et al, 2017).

CONCLUSIONS

The 2-year monitoring performed in this study have permitted to evaluate the presence of
pharmaceuticals in a NWTS as well as the removal efficiency of pharmaceutical residues using
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natural treatments. Due to the singular characteristics of each family of target pharmaceutical
compounds, their removal rates were very variable but satisfactory removal efficiencies were
obtained for different compounds such as stimulants as nicotine or caffeine and other drugs
as atenolol and naproxen. For other compounds as ibuprofen, diclofenac or gemfibrozil, natu-
ral treatments were not so effective as conventional ones.Since all the target pharmaceutical
compounds are still present in the studied treated water after using natural systems (with con-
centration levels from ng-L" to pg-L"), further studies are demanded in order to improve the pu-
rification systems. Special interest must be paid in some recalcitrant compounds as carbamaze-
pine, for which very low removal rates were achieved.In light of the above, it could be concluded
that the studiednatural wastewater treatment system is effective in the elimination of some
pharmaceutical residues and the purified waters present a lower environmental risk linked to

these compounds than raw wastewaters.
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Abstract

In this work, emerging pollutant removalperformances of Wastewater
Treatment Plants of medium and small villages in the south of Extrema-
dura have been analyzed. All of them are geographically located in areas
with significant agricultural and livestock activity. A total of 13 pollutants
belonging to the groups of analgesics, antibiotics, herbicides and antipa-
rasitics were analyzed. The results showed high elimination rates (greater
than 90%) in analgesics in all the WWTPs studied. In all other substances
analyzed (herbicides, antiparasitics and antibiotics) removal efficiencies
around 70% were observed.
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CHARACTERIZATION OF THE MAIN EMERGING POLLUTANTS IN WWTP AFFLUENTS OF SMALL RURAL
VILLAGESAND MONITORING OF THEIR REMOVAL PERFORMANCE

INTRODUCTION

Thanks to the advance of analytical detection techniques, it has been possible nowadays to de-
tect and alert of the presence of new pollutants present in water masses at trace concentrations.
These compounds are called Emerging Contaminants, which comprise a wide range of substances
of different origins and chemical nature, pharmaceutical products, personal care products, surfac-
tants, plasticizers and industrial additives, which are present in water in trace concentrations.

The increase in the world population and,along with it, the current overexploitation of water
resources has led, in recent years, to an increase in the demand for water for domestic, agricul-
tural and industrial use, giving rise to an increase in the presence of Emerging Contaminants
(EC) in the aquatic environment (Argarwal, 2005). However, their low concentration and diversi-
ty make their detection and elimination difficult (Gorito et al, 2017; Coquery et al., 2005). With the
aim of improving the quality of the agquatic environment, Executive Decision 2455/2001/CE was
published in 2001,in which the first list of 33substances dangerous for the aquatic environment,
even in trace concentrations, appears. All of them were identified as Emerging Contaminants.
Therefore, new technologies need be developed and implemented in Wastewater Treatment
Plants (WWTP) to deal with those new pollutants in order to improve the quality of the water
bodies. Thus, it can be said that research on detection and removal of EC in waste waters are cru-
cial for a good management of water resources. In this work a study of the EC removal efficiency

in small and medium towns located in the south of Extremadura is carried out.

METHODS

The main source of EC in the aquatic environment is wastewater, which carries man-made
pollution along with that from agriculture and livestock as a result of runoff or infiltration pro-
cesses that end up in the treatment system or into surface and underground waterbodies, thus
entering into the water cycle. This study focuses on the CE removal efficiency in WWTPs in small
and medium rural towns. Their economic activitiesare based on agriculture and livestock, which
generates a strong environmental impact ofEC. Specifically, seven villages located at the south
of Extremadura were chosen. They were selected with different population densities, in order to
analyze the presence of ECrelated to their population density. The villages chosen were: Moneste-
rio and Fuente de Cantos with 4500 Equivalent Inhabitants (El), Talarrubiaswith 3500 El, Zahinos
with 2700 El, La Albuera with 2000 El, Cheleswith 1200 El and Valencia de las Torres with 500 EI.

The WWTPsstudied were monitorizedthroughout six months, in autumn and winter seasons.
A total of 13 emerging pollutants belonging to the groups of analgesics, antibiotics, herbicides
and antiparasitics were analyzed. All these pollutants were chosen taking into account the eco-
nomic activities present in these villages. The analytical technique used to detectthe EC was li-
quid chromatography for separationalong with mass spectrometry for detection, identification
and quantification of organic compounds (Hoffmann et al., 1999; Di Corcia et al., 2002).
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In order to analyze the efficiency of the treatment plants in removingEC, the pollutant remo-
ving rates during the entire study period were calculated according to the following equation:

R(%) — ﬁ « 100

[

where C_is the concentration of each EC at the plant input and C_ that at the corresponding
output.

RESULTS AND DISCUSSION

Figure 1 shows mean concentrations at the inputs and outputsof all WWTPs studied for each
group of EC analyzed (herbicides, antibiotics, analgesics and antiparasitics) throughout the en-
tire study period. As can be seen, the highest concentrations at the inputs appear in analgesics
(Figure 1a). It is noteworthy that villages with lower population density have higheranalgesiccon-
centrations. High elimination rates are observed in every village, reaching rates above 90% in La
Albuera, Zahinos, Valencia de las Torres, Fuente de Cantos and Talarrubias (see Table 1). However,
Chelesbarely exceeds 70%. The villages with the highest antibiotic removing rates are Monesterio
(79%) and Fuente de Cantos (67%). However, no of the villages studied exceeds 79% inantibiotic
removing rates. Talarrubias is the town with the lowest rate, which is lower than 15%. It is worth
noting that no of the villages studied show high concentrations of herbicides at heir WWTP input.
This could be because this study was carried out during autumn and winter months, and during
these seasons the use of herbicides is very low. Talarrubias is the village that shows the highest
efficiency in herbicides removal (68%). Finally, regardingantiparasites, no village showremoval ra-
teshigher than 57%, being Valencia de las Torres the one with the highest rate.

a)
Analgesic
6000
=
& 4500
=
=
E 3000
=
g
£ 1500
[ &)
0
La Albuera Valencia de las Torres Monesterio Cheles

229



CHARACTERIZATION OF THE MAIN EMERGING POLLUTANTS IN WWTP AFFLUENTS OF SMALL RURAL

b)

c)

d)

VILLAGESAND MONITORING OF THEIR REMOVAL PERFORMANCE

Antibiotics
300
]
~ 225
&
g
E 150
E
3
E
S 75
0 :._—__L e h_
La Albuera Valencia de las Torres Monesterio Cheles
Herbicides
70
= 53
w
| =
c
<
T 35
€
g
=
- .
e ..  Ees
La Albuera Valencia de las Torres Monesterio Cheles
Antiparasitics
100
. e
2
=
2
E 50
=
g
=
& 25
0
La Albuera Valencia de las Torres Monesterio Cheles

230



CHARACTERIZATION OF THE MAIN EMERGING POLLUTANTS IN WWTP AFFLUENTS OF SMALL RURAL
VILLAGESAND MONITORING OF THEIR REMOVAL PERFORMANCE

Figure 1. Emerging Contaminant concentrations at plant inputs and outputs.a)

Analgesics, b) Antibiotics, c)Herbicides, d)Antiparasitics.

Tabla 1. Removing rates for each group of analyzed substance in the villages studied.

L Valencia de | Fuente de Monesterio | Talarrubias | Cheles
Albuera las Torres Cantos

Analgesics 99% 98% 98% 97% 86% 98% 71%

Antibiotics 18% 50% 49% 67% 78% 14% 47%

Herbicides 40% 50% 25% 7% 32% 68% 47%

A”t't‘i’f;as" 46% 28% 57% 34% 39% 32% 21%
CONCLUSIONS

In order to address the problem of Emerging Contaminants in southern Extremadura and
study their adverse effects on the aquatic environment, this work has analyzed the removing
rates of several EC in the Waste Water Treatment Plants of seven villages located atthe south
of Extremadura, whose main economic activitiesare agriculture and livestock. 13 ECs belonging
to the groups of analgesics, analgesics, herbicides and antiparasitics were analyzed. The results
showed that the highest concentrations at the WWTPinputs were observed in analgesics, which
in turn were the most efficiently removed in every village studied, so that rates higher than 95
% were measured in most of them. It is worth noting that villages with lower population density
have high concentrations of analgesics. This may be due to the fact that all of them haveageing
populations. On the other hand, it can be seen that for the rest of the EC studied (herbicides,
antiparasitics and antibiotics) some villages show removal rates around 60%, with Monesterio
being the one with the highest antibiotic removal rates (78%). Finally, Talarrubias and Valencia
de las Torres presented the highest herbicides and antiparasiticsremoval rates.

It is worth noting thatherbicide concentration is not high in all the WWTP inputs studied.
This could be due to the fact that this study was carried out during autumn and winter months,
when the use of herbicides is very limited. On the other hand, it is also worth noting that those
villages in which there are industrial slaughterhouses as the main economic activity, high con-
centrations of antiparasitics and antibiotics were detected at WWTPinputs. This fact could be
due to their presence in animals that are processed in those slaughterhouses.

Finally, it can be said that, currently, WWTPs located in the south of Extremaduraprovide
high performances in the elimination of certain EC, especially analgesics, although the removal
ratesof antibiotics, herbicides and antiparasitics should be further improved. Therefore, it could
be necessary to implement new technologies in conventional WWTPs to improve the removal

performance ofEC.

231



CHARACTERIZATION OF THE MAIN EMERGING POLLUTANTS IN WWTP AFFLUENTS OF SMALL RURAL
VILLAGESAND MONITORING OF THEIR REMOVAL PERFORMANCE

REFERENCES.

- Agarwal, S.K,, 2005. Water Pollution. APH Publishing Corporation, New Delhi.

- Coquery, M., Morin, A,, Becue, A., Lepot, B., 2005. Priority substances of the Euro-
peanWater Framework Directive: analytical challenges in monitoring water quality.
Trends Anal. Chem. 24, 117-127.

- DiCorcia A., Nazzari M. 2002. Liquid chromatographic-mass spectrometric methods
for analyzing antibiotic and antibacterial agents in animal food products.J Chroma-
togr; 974:53-89.

- Decisidn Ejecutiva 2455/2001/CE del parlamento europeo y del consejo de 20 de no-
viembre de 2001 por la que se aprueba la lista de sustancias prioritarias en el ambito
de la politica de aguas, y por la que se modifica la Directiva 2000/60/CE

- Gorito, A.M,, Ribeiro, A.R, Almeida, C.M.R,, 2017 A review on the application of cons-
tructed wetlands for the removal of priority substances and contaminants of emer-
ging concern listed in recently launched EU legislation. EnviromPollut.227, 428-443.

- Hoffmann, E., Stroobant, V. Mass Spectrometry. Principles and Applications.2? ed.
Paris: JonhWiley& Sons LTD; 1999

232



MICROPLASTICS IN SMALL WASTEWATER
TREATMENT PLANTS: A CASE OF STUDY IN
SIERRA DE CADIZ (SPAIN)

A. A Franco': A. P. Martin™ - A. Egea-Corbacho' - G. Albendin? - J.M. Arellano?
R. RodrigueZz' - J. M Quiroga' - M.D Coello'

Abstract

The presence of microplastics in WWTPs with less than 10,000 population
equivalents is also a problem, as these WWTPs also have less conventio-
nal technologies that do not remove these pollutants. This study presents
an industrial WWTP and an urban WWTP for small populations where
microplastics are observed in n/L amounts as well as different types of
microplastics.

INTRODUCTION

Eliminating microplastics in the environment is the subject of current research. The pollution
of microplastics to the environment is an increasingly serious problem, and it is expected that
the problem will continue for hundreds of years (Wu et al., 2016). Larger plastics in turn degrade
into particles. Microplastics (MPs) are plastic particles smaller than 5 mm. These microplastics
are creating a global environmental problem that not only affects the environment itself, but
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especially the food chain. They represent risks that all living things should consider. The serious
consequences for food safety have been proven and must be considered (Ajith et al., 2020).

One of the most important inputs of these compounds into the environment are waste wa-
ter treatment plants (WWTP) (Franco et al.,, 2021). Current technologies are not capable of re-
moving microplastics. Recent studies show that they can remove 50 to 90% of the water line,
discharging microplastics in the sludge line. Considering that small populations of waste water
treatment plants tend to have conventional technologies that are even less effective for these
pollutants, these populations should be taken into account in the studies.

METHODS

Wastewater Treatment Plants

El Bosque

This treatment plant belongs to the Mancomunidad de Municipios de La Sierra de Cadiz, is

located in the municipality of El Bosque and the water it treats comes from the industrial estate
in the area, including industries such as: furniture manufacture, manufacture and marketing of
all types of meat and dairy products, industrial laundry, processing and marketing of potatoes,
aluminium and glass, leather goods, carpentry, manufacture of composites, cutting and moul-
ding of marble, among others. The WWTP has been designed to treat industrial wastewater of
500 inhab-eq, generated in the Huerto Blanquillo industrial estate. Taking into account the dis-
charge authorisation of the Junta de Andalucia (2010), a brief description of the water treatment
line is given below:

- Pre-treatment: it has a roughing through an automatic grate for the retention of fine solids,
with a passage of 12 mm.

- Biological treatment: this is an activated sludge process with aeration, the biological reactor
has an automatically operating aeration turbine. In addition, the coagulation-flocculation
process is carried out at the reactor outlet (coagulant: aluminium sulphate and polyelec-
trolyte flocculation). The secondary decantation is of the pyramidal trunk type, and there is
also a sludge recirculation line from the decanter to the biological reactor.

- Disinfection: it has a contact chlorination chamber, which is only used in the event that ex-
ceedances are detected.

Prado del Rey

This treatment plant belongs to the Mancomunidad de Municipios de La Sierra de Cddiz and is

located in the municipality of Prado del Rey. This facility treats water of urban origin corresponding
to 6002 inhab-eq, generated in the urban nucleus of the municipality. Taking into account the dis-
charge authorisation of the Junta de Andalucia (2010b), the water treatment line is described below:

— Pre-treatment: roughing with inclined auger screen (3 mm light) for separation of solids
and subsequent compaction and dewatering. The water line continues to the desanding
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and degreasing unit.

- Biological treatment: an activated sludge system with prolonged aeration is used. The reac-
tor is rectangular in shape and is separated into two lines; oxygen is supplied through fine
bubble diffusers.

— Secondary decantation: it has two circular decanters with a diameter of 10 m, gravity type.

Experimental procedure

Sample collection and pre-treatment

Samples were taken at two points in the two WWTPs: in the influent, after coarse roughing

to avoid larger waste, and in the effluent, before the treated wastewater is released into the river

or stream.

Table 1. Volume of samples

WWTP Inhab-eq \ALLUEIN (1 B)
Influent (L) Effluent (L)

El Bosque 73,000
Prado del Rey 6,002 470,000 5 30

The samples were filtered through three stainless sieves of 1000, 355 and 100 um mesh size.
The solid fractions were then collected with ultrapure water into beakers and were left to dry in
the oven at 70 °C.

Once the samples were dry, the process of oxidation of organic matter with wet peroxide
oxidation (WPOQ) in the presence of an Fe (ll) catalyst was carried out. After the WPO, density
separation was carried out, which allowed the density of the solution to change, causing the
polymers to float. Finally, the supernatants were filtered using a cellulose acetate filter with a
diameter of 45 mm and a pore size of 0.8 um. The filters were dried for approximately 4 hours
at 40°C.

Identification and quantification of microparticles and microplastics

With the filters dry, we proceeded to the quantification and characterisation of microparti-
cles and, finally, the identification of the type of polymers by FTIR spectroscopy.

RESULTS AND DISCUSSION

A comparison of the wastewater treatment plants was made and their microplastic removal
efficiency was determined. Taking into account that different sieve sizes were used, ranging
from Tmm to 100 pm, the size of the microparticles collected on each sieve is distributed. Figu-
re 1 shows the amount of microparticles (n/L), according to the size dispersion in each of the

wastewater treatment plants (influent and effluent). It was found that the highest number of
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microparticles in the influent was collected in the 100 um sieve, reaching values of 426 n/L for El
Bosque. As can be seen, the El Bosque WWTP has a high input of microparticles, but a higher

yield, as fewer are discharged into the effluent.

1000 pn 355 pm 100 pm

Prado del rey

Prado del rey
U 50 100 150 200 250 s00 350 400 450

Figure 1. Amount of microparticles (n/L), according to the size dispersion

in each of the wastewater treatment plants (influent and effluent)

Taking into account the visual PM identification technique mentioned in the methodology,
the microparticles (n/L) identified in the influent and effluent are presented below in Table 2,

according to their form: flake, sphere, filament, fibre and fragment.

Table 2. Microparticles (n/L) identified in the influent and effluent.

AV AN El Bosque Prado del rey

Form Influent (n/L) Effluent (n/L) Influent (n/L) Effluent (n/L)
Flake 120 6.4 105.6 6.93
Sphere 32 0.4 2.4 0.27
Filament 125.6 7.74 71.2 4.27
Fibre 264.8 12.4 129.6 16.13
Fragment 248 15.73 120.8 15.2

One of the main forms that can be easily sorted in wastewater are fibres, which are signi-
ficantly longer than wide (Sun et al.,, 2019). Fibres together with fragments are the forms that
were found in the highest proportion in this study. The abundance of the fibres can be attri-
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buted mainly to the release of the fibres through the washing of synthetic garments (Browne
et al., 2011; Napper et al., 2015; Thompson et al., 2009). On the other hand, it is inferred that the
fragments correspond to secondary microplastic, due to the fragmentation of larger particles.

There is a large variability in the proportion of the type of polymers found in the WWTPs
in this study, both in the influent and in the effluent. Sun et al. (2019), mentions that the most
common polymers in wastewater are PE (4% - 51%) and PET (4% - 35%). However, PET was not
detected in either of the two WWTs studied as shown in Table 3.

Table 3. Type of polymers found in the WWTPs.

WWTP El Bosque Prado del rey

Polymers Influent (MP/L) Effluent (MP/L) Influent (MP/L) Effluent (MP/L)
PET -- -- -- --
PE (HD and LD) 281.60 14.75 33.98 7.21
PVC 17.77 1.33 132.70 0.79
PP -- - 8.35 --
PMMA 17112 -- 88.31 0.36
Others 142.15 7,66 14.19 --

Within the “Others"” classification, a large variety of polymers was found, in particular up to
eight different types were identified. Three of these polymers were identified in the Prado del
Rey WWTP in low concentrations, corresponding to: styrene butadiene rubber (SBR), which is
mainly used for tyres and the footwear industry; chlorinated polyethylene (PCL) and butyl styra-
te, which are used by the cosmetics industry for personal care products. The other types of poly-
mers were identified in the industrial wastewater treatment plant, both in influent and effluent.

CONCLUSIONS

Microparticles were identified in the inlet water of the treatment plants at 429 n/L (Prado del
Rey) and 761 n/L (El Bosque); while the range of microparticles in the outlet water is between 42 n/L.
A great variability of polymers was observed; for the urban wastewater treatment plant where the
predominant types were PVC, PE (HD-LD) and PMMA, attributed to the daily use of this type of plas-
tic by human activities; while in the industrial wastewater treatment plant other types of polymers
also appeared, among which SAN, PEVA and PMP stand out, related to the industrial activities that
take place in the industrial area. The annual volume of microplastic discharge from the wastewater
treatment plants studied has been estimated to be between 1.2-109 MP/year (Prado del Rey) and an
exceptional case is the industrial wastewater treatment plant El Bosque, which contributes a signi-
ficant amount of MP/inhab-eq, despite being the smallest wastewater treatment plant.
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Abstract

The presence of emerging pollutants in wastewaters has become a con-
cerning issue for both scientific community and legislators becauseof
the environmental problems associated to these contaminants when
wastewaters are released into the environment. Some of those emerging
pollutants are steroid hormones which can result in harmful effects over
exposed biota, even at trace concentrations. Waste-stabilization ponds
and constructed wetlands (CWs) are particularly suited wastewater treat-
ment systems for small communities because of their low cost and easy
maintenance. Nevertheless, it is necessary to ensure that these systems
are effective in the elimination of emerging pollutants such as steroid
hormones to guarantee that produced reclaimed waters are not a risk
when re-used or discharged into rural ecosystems. In this work, a com-
bined macrophyte pond-CW system was evaluated for the presence of
fifteen steroid hormones. Eight different steroid hormone compounds
were detected at concentrations of ng-L" in influent and effluent samples.
The pond-CW system showed high elimination rates of steroid hormone
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residues with average removal efficiencies of over 76%. This efficacy was
confirmed by the ecological risk assessment evaluation performed.

INTRODUCTION

Among emerging pollutants, steroid hormones are a group of organic compounds of growing
concern because of their potential capacity to disrupt the systems of aquatic organisms, even
at concentrations in the range of ng-L' (Adeel et al, 2017). The concern about the deleterious ef-
fects of steroid hormones has provoked that some legislators such as the European Commission
have added three oestrogens (oestrone, 17B-oestradiol and 17a-ethynylestradiol) to the first Wa-
tch List of the Water Framework Directive. The goal of the Watch List is to obtain “high-quality
Union-wide monitoring data on potential water pollutants for the purpose of determining the
risk they pose and thus whether Environmental Quality Standards (EQS) should be set for them
at EU level” (Loos et al, 2018). Also, in the subsequent revisions of this Watch Listthese three
steroid hormones have been remained to obtain more information about them and also some
other steroids have been considered as future candidates (Gomez-Cortés et al, 2020).

The efficiency of some natural wastewater treatment systems such as ponds or constructed
wetlands in the removal of emerging pollutants has been found to be very variable. This is be-
cause these systems are conditioned by many variables such as operational parameters, was-
tewater physico-chemical properties or ambient conditions. In this regard, ponds have shown
removal efficiencies from 50 to 75% for estrogenic hormones, but lower than those obtained
using activated sludge systems (Pessoa et al, 2014). On contrast, some studies have stated
that CWs are very effective in the removal of steroid hormones, with some exceptions such as
ethynylestradiol (Chen et al, 2019; Avila et al, 2014). The removal of oestrogens in activated slud-
ge systems has been well studied, but less is known in the case of CWs and to our knowledge,
the efficiency of a combined macrophyte pond-CW system in the removal of steroid hormone
residues has not previously been studied.

In this research, a monitoring study was performed to determine the presence and concentra-
tion of fifteen steroid hormones and their removal efficiency of a macrophyte pond-CW system
treating raw wastewater from a university campus. Samples were collected for four months every

ten days to evaluate the distribution of steroid hormones and their associated ecological risk

METHODS

The studied natural wastewater treatment system (NWTS)consists of a macrophyte pond and
a horizontal flow CW. The systemhas been working for almost 20 years and treats the wastewa-
ters produced in a part of the Campus of University of Las Palmas de Gran Canaria (Spain) which
includes cafeterias, laboratories, sport facilities and toilets from different buildings. Hazardous

laboratory residues are selectively treated and are not discharged in this system. The NWTS was
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designed to treat the wastewaters produced by 150 population equivalent (p.e.), i.e. 7.5 m3 d”
considering 50 L p.e.” (the third of the wastewater produced by a person in one day in Canary
Islands). The macrophyte pond is 1.8 m deep and has a surface area of 157 m? and a volume of 235
m?3, approximately. Water flows horizontally from the pond to the CW and, following the water
direction, it is comprised of a stone filter, a free water channel, a second stone filter, a second
free water channel and a final subsurface flow channel. Stone filters can be regarded as short
horizontal subsurface flow CWs. The mean depth of the CW is 0.8 m. Basaltic stones (@ ~10-15
cm) were used to construct the filters. Specimens of Phragmites, Cyperus, Pontederia, Canna
and Typha were planted around the edges of the system. Grab samples were taken in three
sampling points (Figure 1): 1) influent, 2) pond effluent or CW influent, which is located just after
the first stone filter, and 3) CW effluent.

Inlet tank
Stone

= 1 filter /

( \ \ (D)

e e

— ek :

Influent

Surface Surface qusurfai';e.
flow flow S flowi

channel channel - channel

T

Facultative Pond Constructed Wetland

Figure 1. Macrophyte pond - constructed wetland layout and sampling points

For the determination of steroid hormone concentrations, an on-line solid phase extraction
system coupled to an ultra-high-performance liquid chromatography system equipped with a
triple quadrupole detector (SPE-UHPLC-MS/MS) was used (Guedes-Alonso et al, 2015).

RESULTS AND DISCUSSION

Eight different hormonal compounds were detected during the sampling campaign. Five of
them were naturally occurring hormones (oestrone, oestriol, testosterone, cortisone and proges-
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terone) and the other three were synthetic (norgestrel, boldenone and norethisterone). Influent
samples showed the highest detection rates since the eight steroid hormones were detected at
least in a 66% of the samples (except oestriol, 41.7%). After the pond treatment, the frequency of
hormone detection decreased in all cases. Only three of the hormones under study (oestrone,
norgestrel and norethisterone) were detected with a greater frequency after the CW treatment
which could be explained by deconjugation processes.

Table 1 shows the average concentrations of hormones in the three sampling points. Na-
tural hormones presented the same decreasing trend in concentration levels as in detection
frequency and remarkable concentration reductions were observed. For testosterone or cor-
tisone, average concentrations decreased from hundreds of ng-L" in the influent to few ng-L"
in the final effluent. As for the synthetic hormones detected, boldenone presented the same
trend as natural hormones. However, norgestrel and norethisterone presented a different trend.
For these two compounds, the concentrations in the final effluent were slightly higher than at
the intermediate point. Regarding seasonal variations, it can be said that in April there was an
increase in the average concentrations of steroid hormones, which could be explained by the
higher student attendance after the Easter break.

Table 1. Average concentration (minimum and maximum concentrations in brackets) in

ng-L7 of steroid hormones under study in the different sampling points.

17.26 12.80
Estrone 15.45
(12.46 - 19.99) (12.33-13.26)
Estriol <LOQ? <LOQ? n.d®
247.65 22.07
Norgestrel 11.40
(43.06 - 801.45) (8.01-36.12)
183.23 41.35 15.12
Testosterone
(3712 -382.54) (14.16 — 134.66) (9.67 - 20.57)
127.00 28.28
Cortisone 5.38
(2712 - 262.25) (4.52 - 52.78)
53.97 36.14 8.27
Boldenone
(2.73 -105.38) (717 — 64.93) (1.86 - 14.68)
84.39 8.10
Norethisterone n.d®
(14.49 - 183.72) (5.32-10.88)
53.05 46.66 12.19
Progesterone
(2.91-163.17) (2.47 - 111.57) (0.99 - 48.98)
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aConcentration below quantification limit

®Not detected

With respect to the removal efficiency of the different treatments, in the macrophyte pond
four compounds (oestrone, norgestrel, testosterone and norethisterone) presented average effi-
ciencies of over 87%. For cortisone, boldenone and progesterone, the removal efficiencies were
lower and, in some samples, cortisone and progesterone showed negative removal rates as the
concentrations after the treatment were higher. This increase in concentration could be explained
by hormone deconjugation. With the exception of estrone and testosterone, the rest of compou-
nds showed higher removal rates in the CW. Nevertheless, it is important to highlight that the
removal rates of both treatments cannot be compared because the treatments are set in series.

Overall, the pond-CW system provided high average removal efficiencies (over 89%) for six

hormones and for the other two compounds detected, the average removals were over 76%.

Removal efficencies
B rond B cw B Pond+CW

100 ‘ ‘ .

Estrone Norgestrel Cortisone Norethisterone

~J
w

Average removals (%)
] o
[#)] o

o

Figure 2. Average removals in the different treatments and in the whole NWTS.

Finally, regarding the ecological risk associated to steroid hormones in the different treatmen-
ts, the effluent of the pond-CW system presented a low ecological risk associated with steroid
hormones because of the high removal efficiencies obtained. In this regard, it is important to state
that the compound with the highest risk quotient (RQ) value was testosterone, although this was
not the compound with the highest concentrations. Norethisterone and progesterone had RQ

values in the medium risk range, while the other detected hormones showed low ecological risk.

CONCLUSIONS
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The macrophyte pond-CW system studied was found to be highly effective at reducing hor-
mone residues and the associated ecological risk from wastewaters of small communities or
rural areas. In the study, eight steroid hormones were detected in concentrations that ranged
from 8.1to 247.7 ng-L". Regarding the ecological risk, the medium to high risk that were found in
the influent samples gradually diminished as the water passed through the system. The natural
macrophyte pond-CW combination was found to be highly efficient in the removal of steroid

hormone residues, with average removal efficiencies over 76%.

ACKNOWLEDGMENTS

The authors would like to express their gratitude to the Fundacién CajaCanarias y Fundacién
Bancaria “La Caixa" for their economic support through the Project 2017RECOO05.

REFERENCES

- Adeel, M, Song, X., Wang, Y., Francis, D., Yang, Y. (2017). Environmental impact of
estrogens on human, animal and plant life: A critical review. Environ. Int., 99, 107-119.

- Avila, C., Matamoros, V., Reyes-Contreras, C., Pifia, B., Casado, M., Mita, L., Rivetti, C., Ba-
rata, C,, Garcia, J., Bayona, J.M. (2014). Attenuation of emerging organic contaminants in
a hybrid constructed wetland system under different hydraulic loading rates and their
associated toxicological effects in wastewater. Sci. Total Environ. 470-471,1272-1280.

- Chen, J,, Liu, Y.-S., Deng, W.-J,, Ying, G.-G. (2019). Removal of steroid hormones and
biocides from rural wastewater by an integrated constructed wetland. Sci. Total En-
viron. 660, 358-365.

- Gomez Cortes, L., Marinov, D., Sanseverino, l., Navarro Cuenca, A., Niegowska, M.,
Porcel Rodriguez, E., Lettieri, T. (2020) Selection of substances for the 3rd Watch List
under the Water Framework Directive, EUR 30297 EN, Publications Office of the
European Union. Luxembourg.

- Guedes-Alonso, R., Sosa-Ferrera, Z., Santana-Rodriguez, J.J. (2015). An on-line solid
phase extraction method coupled with UHPLC-MS/MS for the determination of ste-
roid hormone compounds in treated water samples from waste water treatment
plants. Anal. Methods 7, 5996-6005.

- Loos, R., Marinov, D., Sanseverino, l., Napierska, D., Lettieri, T. (2018). Review of the
1st Watch List under the Water Framework Directive and recommendations for the
2nd Watch List - European Commission. Luxembourg.

- Pessoa, G.P.,, de Souza, N.C,, Vidal, C.B,, Alves, J.A.C,, Firmino, P.I.M., Nascimento, R.F.,
dos Santos, A.B. (2014). Occurrence and removal of estrogens in Brazilian wastewa-
ter treatment plants. Sci. Total Environ. 490, 288-295.

244






.8 8@
e a2 8 @
e & & & 8 8 8 .
o 0 % & 8 0 0 8
o8 e 0 0 80 80BN
"B e e e e ® e eee _
58 8 8 8 0 8 09 8P E N .
T8 e 8 e 8RR e e e
S8 B e @ @ 8 8 0 8 & 0 8 00 B e B e RS
0 8 0 T 08 08B0 eeRENNEeN .
- EEEEEEEREEEEE R R
S8 8 88 8800808 eDe
Y EEEE L
o 50 0 00 8

= 82 8 9




PHYTO-TREATMENT
USING MICROALGAE






EVALUATION OF SEWAGE TREATMENT
THROUGH MICROALGAE-BACTERIA
CONSORTIA IN A RACEWAY PHOTO

MEMBRANE BIOREACTOR

Arango Jineth™ . Contreras Carmen? - Munoz Raul®
Donoso-Bravo Andrés* . Lesty Yves® - Barria Valeria® - Rojo Anibal”
Crouchett Frangois® - Jeison David?®

Abstract

Currently about 80% of wastewater worldwide is discharged without pri-
or treatment and it reaches up to 95% in developing countries. The mi-
croalgae-bacteria consortia (MBC) have gaining attention as a result of
its capacity of nutrients removal without mechanical aeration. However,
the main limitation of this system is the low settleability of microalgae
that makes effluent clarification a challenge. Therefore, this work aims
to evaluate the potential of MBC cultivated in a in a raceway photobiore-
actor with an external membrane separation for the treatment of a real
sewage study (no primary settling). Two reactors R1 (without membrane)
and R2(M) (with membrane) were operated at 7 days of HRT. Both sys-
tems were operated at 26 + 3 °C with 12 h light - 12 h dark cycles. The
BOD removal in R2(M) was higher than in R1, mainly attributed to the
suspended solids that in R1 remained after simple settling. Furthermore,
the fecal coliforms in R2(M) were undetectable and in both systems the
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NH3-N and PO43- removal were high, close to 90% and 75%, respectively.
The main removal mechanisms of nutrients were by algae assimilation.
The contaminants removal and fecal coliforms were addressed without
mechanical aeration and disinfection in R2(M). The membrane filtration
allows to obtain a clarified affluent that could later be reuse. Then, MBC
systems may be an interesting alternative for the treatment of sewage
(before primary settling) in small commmunities, by reducing the number

of required operations.

INTRODUCTION

Currently about 80% of wastewater worldwide is discharged without prior treatment and it
reaches up to 95% in developing countries, promoting social, environmental and public health
problems, mainly in rural and peri-urban communities. The microalgae-bacteria consortia (MBC)
has emerged as an alternative for wastewater treatment, and it has gained attention as a result
of its capacity to remove pollutants, without the need of mechanical aeration. This is the result
of the oxygenation effect produced by photosynthesis (Oswald et al., 1953). In MBC, microalgae
grow in presence of light and produce O, (photo-oxygenation), which is supplied to the hetero-
trophic and autotrophic bacteria responsible for COD and ammonia conversion. Meanwhile, the
heterotrophic bacteria produce CO, which is used as a carbon source by microalgae. Moreover,
the NO, produced by nitrification can be assimilated as a nitrogen source by microalgae (Li et
al,, 2019). Then, MBC systems have the potential to provide an efficient wastewater treatment,
at a fraction of the energy requirements of traditional alternatives, such as activated sludge.
However, when applying MBC systems to wastewater treatment, effluent clarification can be
a challenge, considering that normally microalgae cannot be harvested easily and efficiently
by simple settling. Therefore, this work aims to evaluate the potential of a microalgae-bacteria
consortium cultivated in a in a raceway photobioreactor with an external membrane separation

for the treatment of a real sewage study (no primary settling).

METHODS

Two raceway photobioreactors with an effective volume of 50 L were used to conduct this
study. One of the reactors was supplied with a membrane separation unit, that provided phys-
ical biomass retention. Mixing was carried out by a paddlewheel, operated at around 10 rpm. In
each system, light was provided by 6 white LED lights located over each reactor, which supplied
an average light intensity of 450-500 mmol m?2 s? (on the surface of the liquid). Both systems
were operated at 26 £ 3 °C with 12 h light - 12 h dark cycles. The photobioreactors were started-up
by applying discontinuous feed for a week. Then were subsequently operated continuously for
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100 days. An HRT of 7 days was applied, photobioreactors were fed with real sewage taken from
Mapocho-Trebal treatment plant located in Metropolitan region, Chile. Sewage was collected
after screening, and before primary settling. Average total COD during operation period was 807
mg L. Reactors were inoculated with a mixture of activated sludge from the Mapocho-Trebal
plant and microalgae obtained from a lab scale batch culture of Chlorella Vulgaris. Membrane
system installed in one of the reactors consisted of a module of outside-on tubular microfil-
tration membrane. The membrane area was 0.042 m?, aeration was provided in the module to
control the fouling. The membrane was operated with filtration-backflush cycles of 10 and 1 min
respectively. The complete biomass retention was provided by the membrane, then biomass

waste was performed manually.

RESULTS AND DISCUSSION

During the 100 days of operation, we realize a monitoring campaign of some parameters such
COD, nitrogen, phosphate, and volatile suspended solids (VSS) as is shown in Figure 1A. Due the
effect of membrane module in the reactor the direct parameter affected was the VSS, in R1 (reactor
without membrane retention) the VSS reached 1g VSS L. On the other hand, R2(M) (the reactor with
membrane) reached higher biomass concentrations (* 3 g VSS L) in the day 94 of operation. During
the operation in R2 the biomass waste was performed manually several time to prevent excessive
biomass development that could prevent excessive light obscuration. In Figure 2 (B) (C), is possible
to appreciate the difference of biomass concentration in the mixed liquor of both bioreactors.

In Figure 1(B) is shown the soluble COD of the effluent in both reactors (R1 and R2). In both
cases, values were similar, in order of 100 mg/L that represents a removal of COD of 78.8 % for R1
and 79.8% for R2. However, such values represent effluent COD of R2(M), but not that of R1, since
biomass was present in the effluent of latter system. In order to provide a more realistic scenar-
io to compare the performance of both systems, composite samples were taken by the end of
operation for a period of 48 h. Effluent of R1 was subjected to a process of 3 h settling in order
to simulate the effect of a subsequent settler. Biochemical Oxygen Demand (BOD) analysis in
the effluents of R1 (after settling) and R2(M) were performed. Concentrations of BOD were 108
and 32 for R1 and R2(M), respectively. Even though settling was effective in removing big part of
the biomass (R1), an important part remained in the clarified, providing a higher BOD concer-
tation, when compared to R2(M), where membrane removed all presented biomass. Enhanced
clarification of R2(M) provided by membrane filtration resulted in undetectable fecal coliforms
presence in reactor effluent. On the contrary, R1 effluent (after settling) presented a value of 1300
MPN per 100 mL. Those concentrations of BOD and fecal coliforms in the effluent R2 (M) meets
with the parameters established in local normative for wastewater discharge (Standard DS90,
section 4.2) in Chile. In Figure 2 (D) is shown the quality of R2(M) effluent and in Figure 2 (E) the
quality of Rleffluent after 30 minutes of settling.
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On the other hand, Figure 1 (C) presents ammonia nitrogen concentration on the effluent of
each reactor. In both cases removal was elevated. After day 25, NH,-N remained below 5 mg L'
in both reactors, meaning over 90% of removal. The removal of NH,-N was probably mainly at-
tributed to microalgal assimilation, since low concentrations of NO,-N were found in the system,
less than 5 mg L' NO,-N in R1and 15 mg L' NO,-N in R,. Other investigations have found similar
nitrogen removal percentages ranging from 83% to 95% (Jia & Yuan, 2018; Khaldi et al., 2017; Su
et al,, 2012). Such performance demonstrates the high efficiency of the system, without need to
supply an external oxygen source.
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Figure 1. Reactors performance during operation: (A) Biomass concentration in the reactor,
(B) soluble COD concentration in the effluent, (C) ammonia nitrogen concentration in the
effluent (D), phosphate concentration in the effluent. R1 represent the reactor without mem-

brane, and R2(M) the one with biomass retention by membrane filtration

Figure 2. Solids apparency in A. wastewater from Mapocho-Trebal treatment plant. B. mixed
liquor of RI1. C. Mixed liquor of R2. D. Effluent of R2. E. Effluent of R1 after 30 minutes of settling
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Regarding phosphate removal, in Figure 1 (D) shows the phosphate concentration in the
effluent during reactors operation. Again, removal was high, most likely as a result of biomass
assimilation. Phosphate removal was in the range of 75% for both systems, most likely as a result
of biomass assimilation. In their research Khaldi et al. (Khaldi et al., 2017) obtained similar results,
with a 76% of phosphate removal.

Finally, during R2(M) operation, membrane modules were operated at a flux in the range
10-15 L m2 h. Critical flux measurements revealed that those flux levels were compatible with
an operation with reduced membrane fouling. Similar results were obtained in the research
conducted by Jixiang et al. (Yang et al., 2018)which has not been attempted before. A low light
intensity, 200 umol/(m 2 -s, using a suitable flux of 15 L m?2 h'enabled operating the filter of the

PMBR at a transmembrane pressure as low as 4 kPa.

CONCLUSIONS

Results showed the capacity of MBC to provide efficient treatment of sewage. A relevant as-
pect of this research is that sewage used during this research was sampled before primary set-
tling, so it contained a high fraction of suspended solids. Most of the reported research available
have indeed used pre-settled sewage. Despite that fact, the systems showed quite good levels
of organic matter and nutrients removal. Membrane filtration showed to be useful in order to
provide a completely clarified affluent. It moreover provided an effluent almost free of fecal coli-
forms aspect that would certainly facilitate potential reuse of treated water, limiting or avoiding
requirements of post disinfection. Then, MBC systems may be an interesting alternative for the

treatment of sewage in small communities, by reducing the number of required operations.
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EXPERIMENTAL OPERATION OF AN ALGAE-
BACTERIA MIXOTROPHIC REACTOR FED
WITH URBAN WASTEWATER
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ABSTRACT

A raceway reactor with a mixotrophic culture of microalgae and bacteria
was operated in a batch mode under different environmental conditions
to determine the kinetic parameters governing the system and to trans-
late it into controllable operating parameters. The kinetics of nutrient (N
and P) removal and biomass growth were calculated, and the most un-
favourable Hydraulic Retention Time (HRT) was adopted to operate with.
An experimental methodology is thereby established with which to pro-
ceed each time the environmental conditions change in a similar system
and to know the best strategy of operation. This work is based on a par-
ticular case, a real experiment, but it is extrapolated to a generic case to
be applied in future plants with a phycotreatment system.
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EXPERIMENTAL OPERATION OF AN ALGAE-BACTERIA MIXOTROPHIC REACTOR
FED WITH URBAN WASTEWATER

INTRODUCTION

Currently, there are wastewater treatment technologies that can effectively remove nutrients
(N and P); however, the cost of these processes and operational difficulties make their appli-
cation in small communities impossible, and the eutrophication generated by the discharge
of these pollutants is still a major problem. For this reason, effective, economical, and simple
wastewater treatment technologies for the removal of nutrients and organic matter for these
peculiar conditions are being investigated. The phycotreatment of wastewater, due to its simple
operation, has become a viable alternative to the treatment options for small communities. This
paper develops the experience of operating a raceway photobioreactor and provides recom-
mendations to determine the variables that control this type of systems.

METHODS

In the studied system, the microorganisms are derived from the inoculum of bacteria and mi-
croalgae naturally developed in the reactor located at the CENTA (Experimental Centre of New
Water Technologies) facilities (37°21'38.7 “N 6°20'01.3 “W). This 116.23 m?3 raceway, occupying an
area of about 387 m?, is 60 meters long, 3 meters wide per channel and has a depth of 0.3 meters.

The urban wastewater used to feed the reactor comes from the Sevillian town where CENTA
is located, Carrién de los Céspedes (2500 inhabitants), the flow rate can be regulated accord-
ing to the experimental needs and it passed through a roughing pre-treatment (up to 3 mm)
and a desanding-degreasing process. Subsequently, to reduce the solids load in the reactor, a
pre-treatment system of a 25 m3 Imhoff tank was included. On the other hand, the reactor efflu-
ent flowed through a 13.5 m3 secondary settler, with a diameter of 2.4 m. The settled biomass fed
an anaerobic lagoon, where it was sent for digestion.

The medium speed inside the reactor was adjusted to a speed of about 0.28 m:-s”, which
could be regulated with a mechanical gearbox and a manual variator installed between the
six-bladed wheel and a 1.5 kW motor.

Continuous measurements of pH, dissolved oxygen (DO), temperature and PAR (Photosyn-
thetically Active Radiation) were taken every 10 min. At later stages, a SOLITAX SC sensor was
added to measure turbidity. In addition, periodic analyses of suspended solids (SS) by gravimet-
ric methods and total phosphorus (TP), total nitrogen (TP) and COD by colorimetric methods
were performed according to standard methods (APHA, 2012) on 0.45 um filtered samples. Both
in feed wastewater samples and reactor samples.

The modes of operation tested were batch and continuous. For the batch tests, the inoculum
of the reactor consisted of one third of the reactor volume with the concentrated medium of
microalgae and bacteria and quickly filled to its maximum capacity, at that time, the filling was
stopped and the batch experiment began. This experiment consists on monitoring the evolu-

tion of biomass growth and nutrient removal (N and P), together with the rest of the studied
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parameters. Two “O times” are distinguished in this experiment, the time of the beginning of the
filling and the end of the filling (beginning of the batch). From this experience it is determined
how to operate in such conditions the continuous test. In this case, the continuous experiment
consists of operating at a flow rate determined by the optimum HRT estimated in the batch.
The kinetic models used to estimate biomass growth and nutrient removal were the logistic
kinetic model of Verhulst (1838) (Eq.1) and a first order chemical reaction approximation but with

unassimilable substrate (Eq.2), respectively.

ax X
X _x(1-X)  Eq1
a v ( x) .

m

Where: X is the biomass concentration at time t, (mgSS-L"), X _is the maximum concentration
that the system can achieve in batch, (mg SS-L7), X, is the initial biomass concentration (t=0),

(mgSS-L7) and p is the maximum specific growth rate [d7].
§= (SO - Sna) et + Sna Eq.2

Where: S is the substrate concentration, which is, Total Dissolved Nitrogen (TDN) or Total
Dissolved Phosphorous (TDP) in mg-L”, k is the kinetic rate constant of substrate removal, h”,
S, is the initial substrate concentration at t=0 (mg-L") and S__ is the non-assimilable substrate
concentration (mg-L7).

The experiments took place from June 2018 to October 2019, with a distinction between
batch and continuous experiments with different mixing regimes, which its comments are out

the scope of this study.

RESULTS AND DISCUSSIONS

In the batch experiments, it is important to measure the irradiation, the temperature, and the
composition of the feed water and to relate them to the kinetics obtained. For instance, for the
composition of the water, we have characterized the feeding of the pre-treated water and then
the Imhoff tank water. The results were compared, and the removal capacity of the system was
calculated for each pollutant (Table 1).
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Table 1. Comparison of pre-treated water versus the same water after Imhoff tank treatment
(Mean values and confidence interval)

SS [mg/L] 224,33 + 24,99 (n = 9) 116,67 + 44,25 (n = 9) 48%
COD,,, [mg/L] 984,54 + 102,00 (n =9) 704,64 + 209,05 (n = 6) 28%
COD,, [mg/L] 537,10 £ 3524 (n = 9) 515,44 + 31,29 (n = 9) 4%

TN, [mg/L] 7111+ 8,35 (n = 9) 65,37 + 4,60 (n = 9) 8%
TP, [mg/L] 8,31+ 0,37 (n=9) 7,69 +0,19 (n=9) 7%

The solids loading of the pre-treatment water influences the biomass analyses as well as the
average irradiance intensity (I_ ) inside the reactor. In terms of biomass productivity (calculated
as the difference between the mass flow rates of suspended solids at the reactor outlet and
inlet divided by the reactor volume, in continuous experiments) the results were 123,24 + 53,05
mg-L-d'y 77,71 £16,86 mg-L"-d”, which means that, with pre-treated water, the culture produc-
es more mixotrophic biomass.

One of the parameters that most influence microalgae growth and, therefore, nutrient re-
moval are solar irradiance and temperature, both dependent on the climatic conditions of the
location where the system is located (Lundquist et al., 2010). These parameters are not constant
throughout the day or throughout the year, and there are circadian cycles that influence the

metabolism of the culture and its pH and DO (Figure 1).

pH, DO, T and PAR single data (consecutive days with constant light and T)

Figure 1. Data for pH, DO, reactor temperature and PAR (secondary axis)
on consecutive days (under constant daily T and PAR).
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For calculating biomass growth, the turbidity units were calibrated with suspended solids
analysis, obtaining a calibration line that related this parameter with reasonable precision (R? =
0,9498). Using the Verhulst model and the least squares adjustment it is possible to determine
the kinetic constants, which for the case of Figure 2 were: X, = 529,56, u = 0,74 d'y X_= 660,26
mg-L' (R?= 0,8768). The same figure also shows the filling time, the end of filling time and the

beginning of the exponential phase.
SS [mg/L]
800
750
700

650

SS [mg-L-1]

G00
550

500
2,0 1,0 4,0 7,0 10,0

t[d]

Fxperimental data SSturhidimeter SSmodel Fnd of feeding

Figure 2. Example of modelling the evolution of biomass during a batch experiment

With this model, the optimal hydraulic retention time can be obtained according to the
method used by Ruiz et al. (2013)biomass concentrations and productivities in continuous oper-
ation can be successfully predicted as a function of the specific hydraulic retention time (HRT,
which, given the volume of the reactor, would be equivalent to operating with a flow rate of 43
m3-d’ (HRT =2,7 days).

Similarly, it is necessary to calculate the minimum hydraulic retention time required to re-
duce the concentration of N and P to levels permitted by Directive 91/271/CEE for populations
discharging into sensitive areas (15 mgN-L"y 2 mgP-L"). Two methods can be used to calculate
this, one by using Equation 2 (first order reaction model) and another determined from the re-
sult of the experiments that calculates the kinetic parameters from the non-stationary phase of
the batch experiment, in other words, during filling. With this method, we obtained Equation 3
and it was possible to model the nutrient concentration during filling as well (Figure 3).
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S, = (SM + %) . (1 — e—k'(fl—fz)) 48, - e k1) Eq.3
V-k

Where: S, and S, are substrate concentrations, mg-L", at time t, and t, respectively, S_ the sub-
strate concentration in the feed [mg-L7], V the reactor volume [m3] and Q the flow rate [m3.d].

Once the experiment has been carried out and the kinetic constants have been determined,
the targeted hydraulic residence times are calculated and, for this case, 3.3 days are required to
eliminate nitrogen and 1.1 days to eliminate phosphorus up to admissible concentrations.

Knowing all the reaction rates involved, it is necessary to choose to operate at the limiting
rate, that is, at the highest HRT, in this case 3.3 days, at a flow rate of 35.2 m3.

TDON [mgL?
b ]
.

t [h] thl

& Experimental TDN first-nrder reaction mode non-steady-state model & [xpenimental TOF

Figure 3. Evolution of TDN (left) and TDP (right) concentration during the batch experiment.

Dots: Experimental data; lines: first-order reaction model and non-steady-state model.

CONCLUSIONS

To operate a wastewater treatment plant with a phycotreatment system, environmental
parameters must be considered. Light and temperature are fundamental and their variation
throughout the year implies changes in the operation of the reactor seasonally. Feed composi-
tion is not a controllable parameter either, although with an adequate pre-treatment design we
can limit the concentration of certain pollutants in the reactor influent. The method described
can be used to determine the optimum operating mode for different environmental conditions
throughout the year by means of batch experiments. In the CENTA the controllable parameter
is the flow rate (higher flow rate lower HRT), since there are other systems that support the flow
rate variation. In the case of a new plant, several raceway reactors would be needed to support
the periods of batch experiments and to allow modification of the HRT by operating with more
or fewer reactors. Volume would be the control parameter in this case (higher volume, higher
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HRT), so it is advisable to design the plant considering periods in which kinetics are more unfa-
vourable, generally winter.
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PHOTOSYNTHETIC BACTERIA-BASED
MEMBRANE BIOREACTOR AS AN ADVANCED
TREATMENT OF A SECONDARY EFFLUENT
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Abstract:

The design of more sustainable water regeneration processes, which pro-
mote the recovery of organic matter and nutrients present in wastewater,
will allow progress in the concept of regeneration and integral reuse of
water. In this work, the viability of a membrane photobioreactor as an
advanced treatment of a conventional secondary effluent is assessed in
order to improve the final quality of the treated water and evaluate the
growth rate of the combined biomass made up of bacteria and microal-
gae. Likewise, the influence of the development of membrane fouling
and the loss of permeability experienced by it has been evaluated. Irre-
versible fouling that can compromise the full-scale operation of the pro-
cess could be linked to the presence of biopolymers.
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PHOTOSYNTHETIC BACTERIA-BASED MEMBRANE BIOREACTOR
AS AN ADVANCED TREATMENT OF A SECONDARY EFFLUENT

INTRODUCTION

The potential of microalgae-based technologies for the removal of nutrients from municipal
wastewater has been widely demonstrated (Gongalves et al.,, 2017). However, as a consequence
of the low degree of flocculation of the microalgae, the separation of the biomass is usually iden-
tified as one of the main limitations of this type of process. In conventional photobioreactors, the
operation is limited to high hydraulic residence times to avoid washing of the microalgae. In this
context, the use of membrane bioreactors has aroused great interest in recent years, because it
allows decoupling the hydraulic residence time (HRT) and the cell retention time, thus increas-
ing the concentration of microalgae and, thereforethe treatment capacity (Luo et al., 2017).

The present work focuses on the study of a laboratory-scale membrane photobioreactor ap-
plied to the treatment of a secondary effluent, analyzing biomass growth, treatment efficiency

and membrane fouling.

MATERIALS AND METHODS

The photobioreactor consisted of a transparent high-density polyethylene tank with an effec-
tive volume of 2.8 L. The system was continuously illuminated at an intensity of 490 umol/(m?3s)
and the temperature of the reactor was kept constant at 20 + 2 °C. The photobioreactor con-
tained a ZeeWeed® ZW1 hollow fiber module (SUEZ Water Technologies and Solutions). Fibers
of polyvinylidene fluoride (PVDF) with a hydrophilic and non-ionic surface were arranged longi-
tudinally around a central axis that led air towards the base of the module. The membrane had a
nominal pore diameter of 0.04 um and the fibers an external diameter of 1.9 mm. The total filter
surface of the module was 0.047 mz2. Filtration was carried out at constant flow (J =10 L/(h m?)),
recording the transmembrane pressure over time. The fouling of the membrane was controlled
by backwashes applied every 7.5 min at constant conditions (J, = 30 L/(h m?); t_ = 30 s). Fouling
was quantified by monitoring the initial transmembrane pressure TMP.of each filtration cycle,
which evaluates irreversible fouling that cannot be removed by backwashing and TMP that re-
ports the final fouling that reaches the membrane at the end of each filtration cycle.

The system operated at an HRT of 0.75 days and without biomass purge. The feed, suspension
and permeate were characterized by the usual parameters: chemical oxygen demand (COD),
total organic carbon (TOC), nutrient concentration (N-NH,*, N-NO,;, N-NO,  and P-PO *) and sus-
pended solids (SST) according to standardized methods (APHA, 2005). A preliminary identifica-
tion of the microorganisms developed was carried out by light microscopy (DM 750, Leica).
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RESULTSAND DISCUSSION

The system operated for 650 h without previous inoculation of biomass, allowing the free
growth of the species found in the diet. After 500 h, a stable biomass concentration was ob-
tained (1889 + 132 mg/L). Under these conditions, a moderate elimination of organic matter (22%
as COD) and phosphorus (21%) was achieved, as well as high nitrification (88%) (Table 1). The
analysis of the biological suspension showed the presence of different types of microalgae, dia-

toms and cyanobacteria (Scenedesmus sp., Nitzschia sp. And Oscillatoria sp.).
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Figure 1. Evolution of the initial and final transmembrane pressure

(a) and the fouling rate (b) during the experimental period.

Figure 1 shows the evolution of the transmembrane pressure at the beginning of the fil-
tration (TMP) and the transmembrane pressure at the end of the filtration cycle (TMP,). Two
types of fouling are seen, identifiable by their effects on both transmembrane pressures after
backwashing: reversible and irreversible fouling. The increase in TMP,, continuous during the
experimental period, is associated with the notable presence of groups of biopolymers (23 mg/L,
measured as TOC) and is considered the cause of irreversible fouling. After 450 h, a significant
increase in TMP, was observed, associated with reversible fouling, possibly due to the increase
in biomass concentration (from 466 mg/L at 220 h to 1889 mg/L under stable conditions). These
results are consistent with the evolution of the fouling rate, r, defined as the slope of the TMP
during the filtration cycle, which remained stable and at a practically zero value during the first
450 experimental hours, to undergo an appreciable increase until reaching values of approxi-
mately 3 kPa/min.
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TOC (mg/L) COD (mg/L)  N-NH,*(mg/L) ?lm';%) N-NO, (mg/L ) s'»j(iﬁg/L)

17+8.2 57+33 24148 3.2+39 18£13 1.5%1.3

Table 1. Characteristics of feedwater and permeate

CONCLUSIONS

The membrane photobioreactor showed significant nitrification and an appreciable elimi-
nation of organic matter and phosphorus under the conditions studied. The biological suspen-
sion included different types of microorganisms among which Scenedesmus sp., Nitzschia sp.
and Oscillatoria sp. The results showed the adequate efficiency of the process as an advanced
treatment of treated water, obtaining a significant growth of biomass with a high potential for
energy use.
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Abstract:

This work studies the effect of promoting vertical mixing on the efficiency
of urban wastewater treatment through the use of microalgae biotech-
nology in raceway reactors. The use of bacteria-microalgae mixotrophic
biological reactors is a technology with a high potential in the treatment
of wastewater from small populations, highlighting as main advantag-
es: (a) the lower energy consumption (around 75% less than by activated
sludge treatment); (b) the elimination of CO, emissions associated with
bacterial activity; (c) high nutrient removal; (d) a valuable sludge produc-
tion; and (d) lower maintenance needs due to its simplicity of operation
and because it requires less equipment with moving parts.
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The study is aimed at trying to improve the most unfavorable aspects
of purification with microalgae, such as the productivity of the culture,
which in large tanks is fundamentally limited by the availability of light
from the microalgae, and the decantability of the generated flocs.

The stirring system that produces a greater intensity of vertical mixing
of those tested is that of the paddle-wheel, although this system has the
highest energy consumption. The SBTech blade-based stirring system is
shown to be a promising technique due to its practically negligible en-
ergy consumption (derived from the low friction they introduce) and its
very low cost, while achieving greater biomass growth and the formation
of algae-bacteria flocs is favored, which decant in a much shorter time
than when only a paddle wheel is used as a stirring technique for the en-
tire reactor. Furthermore, the final effluents present a higher quality from
the point of view of discharge requirements.

INTRODUCTION

The treatment of wastewater generated in small urban agglomerations presents a series of
conditioning factors, both technical (strong daily and seasonal flow fluctuations and loads to be
treated) and economic (the advantages of the economy scale are not applicable), which require
the implementation of specific treatment solutions adapted to these conditions.

In this regard, the EPA in 1977 (EPA, 1977) recommended the following criteria when selecting
the type of treatment to apply in small agglomerations:

—Technologies that require a minimum maintenance and that this maintenance is not exces-

sively complex.

— Minimum energy consumption.

— Effective operation over a wide range of flow and load.

- Treatment facilities where possible equipment and process failures cause the least quality

deterioration in the effluent.

— Maximumenvironmentalintegration.

At present, to this set of requirements has been added the need to adapt these technologies
in order to achieve the reductions in nutrient concentrations (N and P), which are required by
the increasingly demanding discharge parameters.

The phytoremediation of wastewater through the use of microalgae-bacteria mixotrophic
systems is a very promising technological solution for the simultaneous removal of nutrients
and organic matter from wastewater from small urban centers, with a much lower energy cost
per cubic meter of treated water than conventional biological treatments. Furthermore, anoth-
er advantage of this technology is its simplicity of operation, resulting in less need for mainte-
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nance and, therefore, reduced personnel costs.

Phytoremediation takes advantage of the nutrient consumption kinetics of these microor-
ganisms together with the elimination of other pollutants such as drugs (Villar-Navarro et al.
2018), heavy metals (Yu and Wang 2004) and even, in general, to achieve greater wastewater
detoxification (Diaz-Gardufio et al. 2017). Likewise, phytoremediation allows promoting the
joint growth of bacteria and microalgae in the same photobioreactor, establishing a synergy
between both populations. In this way, and without the need to consume energy in aeration, it
is possible to reduce the pollutant load in organic matter and nutrients simultaneously (Mufioz
and Guieysse 2006).

Finally, another aspect to highlight is that purification with microalgae greatly reduces the
carbon footprint in relation to traditional aerobic systems, not only because of the reduction
in energy consumption that has already been mentioned, but also because the release to the
atmosphere of CO2 produced by aerobic bacteria, which is assimilated by microalgae in their
natural growth.

The photobioreactors that are most used on an industrial scale for water treatment are race-
way or High Rate Algal Pond (HRAP) systems. These reactors consist of ponds with a high length
/ width ratio, where the water normally has a depth of less than 30 cm and is driven by a pad-

dle-wheel that rotates around a horizontal axis (figure 1).
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Figure 1. HRAP of 116 m? located in the R&D Center of the CENTA Foundation,

Carrion de losCéspedes (Seville)

One of the main drawbacks of this technology is the high surface requirements, since the growth
kinetics of photosynthetic microorganisms is limited by the availability of light in the reactor, which
is heterogeneously distributed among the microbial population, given the low turbulent intensity
of the flow in the major part of these reactors. For this reason, one of the main objectives of the
IDIAgua project, in which this work is framed, has been the study of different agitation techniques
of HRAP and their influence on the characteristics of the crop and the quality of the treated water.

The Reynolds number in HRAPs is typically on the order of 10° so the flow is in a fully devel-

oped turbulence regime. However, the intensity of the turbulence is very low in most of the
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reactor, except in the area near the paddle-wheel, in the bottom and wall boundary layers, and
on the surface of the water on days with intense wind. This makes mixing in a large tank very
limited. For the growth of microalgae this is critical, since only those microalgae that are a few
centimeters below the surface receive enough light to carry out photosynthesis. Under these
conditions, the period of the light-dark cycles is well above the optimal values for the growth of
most microalgae species, which is around 1-10 s.

MATERIAL AND METHODS

Culture medium: urban wastewater

This study of wastewater treatment with microalgae has been carried out with urban waste-
water from the Sevillian population of Carrién de losCéspedes (around 2,500 hab.eq.), mainly
with agricultural activity and with some agri-food industry (N 37°22'10.88, O 6°19 ‘45, 313 “). This
wastewater is treated in the R&D Center managed by the CENTA Foundation.

The wastewater receives a pretreatment before feeding to the reactor, which consists of a rough-
ing with a coarse screen (3 cm), followed by a fine grid (3 mm), and in an aerated grit-degreaser,
equipped with a sand classifier and fat concentrator. Next, the water undergoes primary treat-
ment by means of a 25 m3 Imhoff tank, which operates in the settling zone with a retention time
of 90 minutes at maximum flow rate. After this treatment, an electromagnetic flow meter / record-
er is available, which allows determining and regulating the daily feeding flow to the bioreactor.

Microorganisms

During all the experiments we have worked with a natural bloom of native species of bacteria
and microalgae, which have colonized and grown naturally in the raceway reactor, which has
been operating for years. The dominant population is variable, highlighting the Scenedesmus

species as the dominant one, although there are also manychlorophyceae.

Figure 2. HRAP microalgae and bacteria flocs (highlighting the presence of Scenedesmus-

The image on the right shows a typical floc from the bioreactor used in the present work.
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Experimental set-up

The main equipment consisted of a single 400 m? open raceway photobioreactor built in
reinforced concrete (figure 1), consisting of two parallel channels 3 m wide and 70 m long, sep-
arated by a central wall. To reduce the presence of dead zones, the ends of the channels end in
curved shapes and have guide baffles to uniform the flow in these zones.

The movement of the water is achieved with a six-bladed paddle wheel, rotating by the ac-
tion of a 1.5 kW motor. Thanks to a mechanical gearbox with manual variator, the revolutions of
the wheel can be modified. During all the experiments, they were maintained at 4.8 rpm, which,
as determined with the current meter, corresponds to a horizontal speed of the culture of 0.21
m/s, suitable for this type of systems, since it must be greater than 0.1 m/s to avoid sedimenta-
tion of algae in the channel (Weissman, et al., 1988) and less than 0.6 m/s to avoid cell damage
(Hadiyanto et al., 2013).

A height-adjustable weir, located in the evacuation area of the photobioreactor, allows the
height of the water height to be changed between 0.2 and 0.3 m. In the course of the works
presented, this height has been kept at 0.3 m, which corresponds to a useful volume of the pho-
tobioreactor of 116 m3.

To harvest the algal biomass, the effluents from the reactor are led, by gravity, to a decanter
built in GRP and with cylindrical-conical shape, with an effective volume of 13 m3. The efflu-
ents from the reactor enter the decanter through a soothing hood, leaving the clarified waters
through a circular Thompson weir, which has a baffle to minimize the escape of floats.

At the bottom of the decanter there is a submersible pump, with timed operation, which al-
lows the periodic purging of the settled bacterial/algal biomass. By means of a set of valves, it is
possible to regulate which part of the decanted biomass is recirculated to the reactor and which
part is extracted from the system and sent to a storage pond.

To improve the mix provided by the paddle-wheel, 3 transverse lines of PE pipes were ar-
ranged inside each channel, with 3 mm perforations every 45 cm, 15 m apart, the first of the lines
being 6.45 m from the paddle wheel. These lines were connected to a 0.9 kW blower, with an air
flow of around 1,800 I/min.

Subsequently, a series of SBTech® type fixed blades, designed by D&B Tecnologia S.L., were
installed inside the raceway channels, with the aim of producing a vertical mix without energy
input, beyond a reduced pressure drop. less than 3% of the energy consumed by the paddle
wheel. These blades, patented by the University of Seville (PCT ES2019070842), generate wing-
tip vortices similar to those that appear on aircraft wings or turbo-machine blades. Numerical
simulations CFD (Computational Fluid Dynamics) have been used as a fundamental tool for its
design. Figure 3 shows a cylindrical vortex parallel to the flow direction that arises from the mar-

ginal edge of one of these blades.
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Figure 3. CFD numerical simulation of the cylindrical vortex arising
from the marginal edge of aSBTech® blade.

3 lines of SBTech® blades were installed, one 28 meters from the paddle-wheel in one of the
channels and two lines in the other, 20.5 m apart, having as a central reference the line of blades
of the opposite channel. This blade system was optimized for the dimensions and depth of the
CENTA Foundation raceway in terms of chord, curvature, span and angle of attack, as well as the
relative position between the blades.

To monitor pH and DO in the reactor, the system has an Endress + Hausser Liquid line Probe
with Orbipac CPF81D and Oxymax COS61D sensors from which data is extracted every 10 min. A
HOBO U12 4-External probe has also been installed with a PAR radiation sensor (photosynthet-
ically active radiation, with a wavelength range between 400 and 700 nm) and temperature.
On the other hand, the turbidity was measured using a SOLITAX SC turbidity sensor, coupled to
an SC200 controller, both from the HACH brand. The installation has an electric meter, which
allows determining the energy consumption of the entire treatment system, to determine the
kWh/m?3 ratio of treated wastewater.

Experimentaldesign

Three stirring and mixing systems operating continuously have been compared:

— Reactor only with the paddle wheel (PW).

- Reactor with six lines of perforated pipes that give a total air flow of 1,800 I/min, through

daytime pulses of 100 s every 15 min (BB).

— Reactor with three lines of SBTech® blades distributed along the channels (SB).

Each system was operated in the same way: the reactor was fed from the Imhoff tank at a
nearlly constant flow rate and after a few days of operation and after having reached steady

state conditions, the samples were taken.
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The steady state condition was determined by the turbidity collected by the SOLITAX SC
probe: if no large changes were observed over several days it was assumed that a steady state
had been reached.

Data collection consisted of taking a sample from the feed and from the interior of the re-
actor for three non-consecutive days, within the steady state condition. These samples were
analyzed: Suspended Solids (SS), Total Dissolved Nitrogen (NT), Total Dissolved Phosphorus (PT),
and Total and Dissolved Chemical Oxygen Demand (CODtot and CODdis).

Finally, settling tests were also carried out in situ using the turbidimeter with a recording
interval of one minute and an Imhoff cone. In this way it was possible to know and record the
speed with which the culture decants.

Analysis procedure

Suspended solids analyzes (SS) were performed by gravimetric methods collected by stan-
dardized methods (American Public Health Association et al., 2012).

Nutrient analyzes (total nitrogen, NT, and total phosphorus, PT) were determined by a modi-
fication of the method proposed by Kéthe and Bitsch (1992), in which 10 ml of sample are mixed
with 1.5 micro spoons of OXISOLV® (Merck KGaA), and digested at 105°C for 90 minutes. Once
the samples had been oxidized to nitrate and phosphate, and cooled to room temperature, they
were analyzed using colorimetric methods of the Spectroquant® Cod. 1.14773.001 (Merck) kits
and the standardized method with Ref. 4500-PE from the American Public Health Association
et al. (2012), respectively.

On the other hand, the COD analyzes of samples, both total and dissolved, were carried out
following the colorimetric method with Ref. 5220 D and D1252-06 (American Public Health Asso-
ciation et al., 2012), and chlorophyll by method 446.0 collected in Arar (1997).

Tests for determination of vertical mixing

To determine the degree of vertical mixing, an acoustic velocimetry Doppler probe, or Nortek
Vector currentmeter, was used. 64 data per second were taken from the velocities in the 3 com-
ponents of space.

The points analyzed are shown in figure 4 for the reactor operating only with the paddle-wheel
(upper diagram), in intermittent bubbling regime (central diagram) and with the SBTech® blade

system installed (lower diagram).

273



NEW AGITATION AND SEPARATION TECHNOLOGIES FOR SEMI-INTENSIVE
MICROALGAE WASTEWATER TREATMENT

A% 05 Al '“.P‘ T:\J.S

| 13500 4903 {4500 S300 |—'-TE:3—‘

15000 1 5000 6450——
E'." Fo EJ 34& BI Bl _
|
[
0 an W
1
c7 CE =] C4 - 312 Cl 13
¢ ® ® o o0 ) h o
CE C9 CI0 C1 ciz
9 ’ 9 f w a
‘ a0 il uy

Figura 4. Esquemas de los tres casos analizados (PW, BB y SB) con la ubicacion de las tuberias

de aireacion, las lineas de dlabes y los puntos de muestra (arriba PW, centro BB y abajo SB).

RESULTS AND DISCUSSION

Climatic parameters and input composition

Table 1 shows a summary of the radiation, temperature and flow data from the tests carried
out. We can consider that the light and the temperature are equivalent in the three cases, since
the difference does not exceed 10%. However, as one of the flows differs so much, it is convenient
that the composition of the inlet wastewater is treated in mass flow units when comparing. The

mean mass flows of pollutants are shown in Table 2.

Table 1. Mean values of the mean daily radiation (PAR), the mean of the mean daily
temperatures (T) and the mean of the daily flows (Q), together with their confidence

intervals (a = 0.05) and the number of samples.

.. epw | BB | SB_____
PAR [umol-m2-s7] 713,61 +11,4 (n=24) 664,11 22,4 (n=42) 658,49 +355 (n=21)
T[°C] 24,23 +0,7 (n=24) 26,45 +0,5 (N=42) 23,71 +0,7 (n=14)

Q [m¥/dia] 26,36 +1,8 (n=25) A0 2 (= 2276 1.3 (n=21)
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Table 2. Mean mass flow rates of the pollutants (mean flow rate x mean concentration)
and, in parentheses, the difference with respect to the maximum of the three cases.

NT [kg/dia] 1,66 (%0) 1,08 (%34,7) 1,49 (%10,5)

PT [kg/dia] 0,17 (%4,8) 0,13 (%24) 0,18 (%0)
SS [kg/dia] 517 (%0) 3,03 (%41,4) 2,66 (%48,7)
DQO, [kg/dia] 18,33 (%12,6) 8,22 (%60,8) 20,96 (%0)

DQO, [kg/dia] 12,61 (%0) 4,3 (%65,9) 1,73 (%6,9)

The percentages presented in Table 2 reflect what deviates from the maximum value among
the three experiments. Except for the mass flow rate of suspended solids, we can say that the
amount of nutrients that entered during the experiment PW and SB are practically the same,
while the amount that entered BB is lower.

Verticalmixing

The data collected by the Doppler probe make it possible to obtain the vertical speeds pro-
duced by each of the installed elements, which makes it possible to determine a value of the
vertical mixing intensity as the mean square speed. Figure 5 shows the values of the vertical
mixing intensity as a function of the downstream distance