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i

This study investigated the performance of vertical flow constructed wetland (VFCW) units at full and pilot
scale that are used to treat septic tank sludge. The final disposition and the treatment of sludge is considered
a major problem in the field of sanitation in most Latin America and developing countries. The research
was carried out at the Centre for Research and Training in Sanitation (CePTS) of the Federal University of
Minas Gerais, located in Belo Horizonte, capital of Minas Gerais state, Brazil.  This research was done
within the framework of the double degree master programme in Sanitary and Environmental Engineering
between Universidad del Valle (Cali-Colombia) and UNESCO IHE Institute for Water Education (Delft,
The Netherlands), and was funded by the Bill and Melinda Gates Foundation (BMG), as part of an on-
going doctoral project focusing on the evaluation of the behaviour of vertical flow constructed wetlands for
combined treatment of domestic wastewater and septic tank sludge at the Federal University of Minas
Gerais. At the same time, this research is part of a broader international Stimulating Local

SaniUP,
sponsored by BMG Foundation and coordinated by UNESCO-IHE.

The study was divided into two Phases. Phase 1 considered the application of real septic tank sludge, or
septage, into a VFCW unit (FSW1) which belongs to a Full Scale System (FSS).  Additionally this phase
involved the construction and start-up of six VFCW units in a Pilot Scale System (PSS) that was built with
the aim of comparing different operational conditions.  In Phase 2, application of septic tank sludge was run
in parallel in both, the FSS and the PSS. The applied septage presented great variability in its composition.
Moreover, recirculation of the percolated effluent from FSW1 was executed at full-scale in other VFCW
units (FSW+R).  The operational conditions tested at pilot scale included the same Hydraulic Loading Rate
(HLR) as the one evaluated at full scale (average); half and the double of that condition; an unplanted
control, a unit with the presence of worms; and last, a unit with recirculation of the sludge into itself.
Substantial variability was observed in terms of Solids Loading Rates (SLR) from week to week due to the
different origins of the incoming septic tank sludge, which is the reason why median values were adopted
as a measure of central tendency for data analysis.

The vegetation planted in the VFCW units in FSS and PSS was Cynodon spp., which in previous studies in
Brazil showed tolerance to the raw wastewater feeding strategies and to the tropical environment.  The FSS
was also integrated with two units for raw sewage treatment according to the first stage of the French
System of vertical flow wetlands. All full-scale units have been in operation since 2009 treating
wastewater, but one out of the three cells stop this operation and started treating solely septic tank sludge in
September 2013. The sludge was applied once a week under batch conditions and the rest of the week was
used as a resting period. The sludge was collected by trucks, and the full volume from each truck (typically
10m3) was discharged into the wetland unit without strict control of the hydraulic (HLR) and solids loading
rate (SLR), thus reproducing real conditions found in most treatment plants in Brazil. Recirculation of the
percolate effluent was performed to one of the two vertical wetlands for domestic sewage.

The surface area of the full-scale unit is 29.1m2 (3.1 m in width, 9.4 m in length), with a filter bed of 0.70
m thick with fine, medium and coarse gravel. For Phase 2, a detailed analysis was carried out in terms of
solids, organic matter and nutrients (TS, TVS, TCOD, TBOD5 and TKN), with the resulting median HLR
applied in the unit FSW1 as 10 m3 week-1, which is equivalent to 0.34 m3 m-2 per weekly batch. The
resulting median SLR was 12 kg TS m-2 year-1).  The median influent total solids (TS) concentrations in the
raw septage, FSW1 and FSW1+R drained liquid were 706 mg L-1, 612 mg L-1 and 676 mg L-1 respectively,
with median removal efficiencies of 22% and 27% for FSW1 and FSW1+R correspondingly. In terms of
chemical oxygen demand (TCOD), median concentration values attained were 487 mg L-1, 240 mg L-1 and
246 mg L-1, respectively, leading to median removal efficiencies of 41% and 71% in FSW1 and FSW1+R.
In the pilot-scale columns, the different operational conditions and loading rates were compared to
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performance of a full scale units, However, efficiencies achieved for all the parameters in all of units
evaluated were lower than those attained for full-scale units, and through statistical analysis based on
mixed models, it was observed that at a confidence level of 95% there were no significant differences
among the efficiencies obtained in each of the units evaluated excepting for the removal of total Kjeldahl
Nitrogen (TKN), for which the size of the wetland is an aspect of influence.

In general, the plants showed good resistance to the septic tank sludge characteristics and to the weekly
feeding strategies provided in the research, which was reflected in healthy growth with high yield and
productivity.  In contrast; the sludge layer formed on the top of the wetlands was still thin and did not seem
to have a key role in the filtration process, which is expected to happen in long term operation according to
the literature reviewed.
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Introduction 1

1.1. Background
Constructed wetlands (CW) have in recent years evolved into a reliable technology for numerous
types of wastewater. The first studies using wetlands macrophytes for wastewater treatment were
carried out in the early 1950s (Vymazal, 2010).

Different types of CWs can be used for wastewater treatment, while for sludge treatment or septic
residues it is recommended to use vertical flow wetlands, due to the large amount of solids present in
this type of influent. However, literature reports few cases for these influents compared to
wastewater applications. So far, it is well known that vertical subsurface flow constructed wetlands
(VFCWs) provide suitable conditions for nitrification, are very effective in removing organics and
suspended solids and require less land as compared to horizontal subsurface flow constructed
wetlands (HFCWs).  VFCWs were introduced by Seidel in Germany in order to oxygenate anaerobic
septic tank effluents (Vymazal, 2010).

As a consequence of the wastewater treatment, management of sludge generated after treatment has
become a key issue in wastewater treatment plants (WWTPs), since it represents high operational
costs for conventional treatment methods (centrifuges, vacuum filters and belt presses). The high
water content of the sludge implies large daily flow rates to be handled and treated. There is still a
large gap to cover on the search for methods to improve sludge volume reduction; however, VFCWs
have been investigated in this topic since the late 1980s in various countries in Europe, Asia and
Africa.  The findings reported indicate that they are a potential alternative to conventional sludge
treatment allowing dewatering and accumulation of the sludge during several years, bringing
benefits like reduced operating and maintenance costs reflected on low energy consumption and less
handling, transportation and disposal costs of sludge in comparison to conventional treatment of the
sludge.  CWs can be employed at WWTP facilities for sludge treatment if sufficient land is available
(Uggetti et al., 2010).

Recent research have been directed towards the treatment of sludge from septic tanks as they have
been widely used as decentralized or on-site systems, for the treatment of domestic sewage.
Furthermore, not only are they commonly found in developing countries, but also in regions of low
population density in developed countries (Hoffmann & Platzer, 2010).

Koottatep et al. (2001) proved that CWs are an effective low cost treatment system and that VFCW
systems have a high potential for septage treatment in tropical regions. They undertook an
assessment of the potentials of VFCWs for septage treatment in tropical areas where climate
conditions are good enough to enhance microbial metabolisms and plant growth. The study was
carried out at the Environmental Research Station of AIT (Thailand) using three pilot scale CW
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beds, each one with a dimension of 5 m x 5 m. The CW beds consist of 65 cm sand-gravel medium
planted with cattail (Typha augustifolia). For the first year, the CWs were operated at solid loading
rates (SLR) ranging from 80 to 500 kg TS m-2 year-1 and application frequencies of sludge were
about 1 2 times weekly. The SLR of 250 kg TS m-2 year-1 was the optimum treatment condition
achieved to get removal efficiency of 80%, 96% and 92%, in terms of total solids (TS), total
chemical oxygen demand (TCOD) and total Kjeldahl nitrogen (TKN) respectively, same SLR also
allowed less adverse effect on plant growth. At relatively high TS contents in the dewatered septage
without any removal for a year, permeability of the CW beds rarely decreased, possibly because of
the distribution of plant roots and rhizomes. High degrees of nitrification occurred in the CW beds
in which the percolate had nitrate (NO3

-) concentrations from 120 to 250 mg L-1, while NO3
-

contents in the raw septage were less than 10 mg L-1. However, due to rapid flow, there was little
liquid retained in the CW beds, causing wilting of plants, especially during the dry season. In order
for plants to grow healthier in the second year, the operating conditions were rectified by ponding
(or retaining) the percolate in the CW beds for periods of 2 and 6 days prior to discharge, but
maintaining the SLR of 250 kg TS m-2 year-1. This was obviously beneficial for mitigating plant
wilting as well as for increasing N removal through enhanced denitrification reactions in the CW
beds, resulting in NO3

- concentrations from 20 to 50 mg L-1 in the percolate. Apart from the
treatment performance, land requirements for the VFCWs was only 32.5 m2/1,000 population
equivalent (p.e.) and required low capital, operation and maintenance costs.

Nielsen &Willoughby (2005) mentioned that since 1988 planted sludge drying reed beds or CWs
have been used for dewatering (draining and evapotranspiration) and mineralisation of sludge in
Denmark. Sludge from wastewater treatment plants (2.500-125.000 p.e.) was treated in sludge reed
bed systems planted with Phragmites australis with 1-18 basins with loading rates of 25-2,200 tones
dry solids (DS) year-1 for a period of ten years. In 2002, about 95 systems were in operation. The
dimensioning and design of reed bed systems depends on the sludge production rate desired, the type
of sludge, the quality and the climate. The maximum sludge loading rate is approximately 50-60 kg
DS m-2 year-1. The sludge residue, after approximately ten years of operation, reached an
approximate height of 1.2-1.5 meters with DS content of 30-40%. The quality of the final product
after ten years with regard to low concentration of heavy metals, hazardous organic compounds and
pathogen removal made it possible to recycle the biosolids for application in agriculture as an
enhanced treated product.

According to Arquier (2007), in Argentina, the results of a pilot experience showed that planted
CWs are an economic alternative that is also environmentally valid for faecal sludge (FS) treatment,
due to the achieved removal rates of 99.9% for settleable solids in 30 minutes (SS30), 82% of
BOD5, 89% of COD and 99.9% of faecal coliform (FC). The research concluded that for the
treatment of 50 m3 of FS, with an average of 7,400 mg TS L-l, a system composed of two CWs
planted with Typha augustifolia of 178 m2 of unit surface is required.  In addition, the author
proposed a posterior purification of the percolated effluent from each CW with a treatment
conformed by two stabilization ponds of facultative type in series with surface areas of 1,700 m2

and 670 m2 respectively. The quality of the FS obtained varied significantly, which is a common
finding in this type of study under real and uncontrolled conditions of the incoming FS.

In 2009, in the Cameroon a project at yard-scale in an experimental plant in Yaounde evaluated the
potential of VFCWs planted with Echinochloa pyramidalis for sludge dewatering. The evaluation
period was more than six months operating at constant SLRs with raw FS. The results showed that at
loading rates between 100 and 200 kg TS m-2 year-1, the system performed well for solid liquid
separation, obtaining an average dry matter (DM) content of biosolids of 30% and pollutant removal
efficiencies higher than 77%, 86%, 90%, 90% and 95% for NH4

+, TSS, TS, TKN and COD
respectively.  Furthermore, the system was able to generate about 100 to 150 dry tons ha-1 year-1 of
forage plant and biosolids rich in nutrients that could be valorised to sustain the technology if
securely managed since helminth egg concentrations in biosolids were 79 eggs/g TS, which is
relatively high (Kengne et al., 2009).
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Giraldi & Iannelly (2010) evaluated the performance of reed bed systems or CWs planted with
Phragmites australis during 18 weeks (9 in winter and 9 in summer) for the treatment of sludge
coming from a traditional sludge activated plant through daily water content analyses in the interval
between subsequent sludge loadings in a real scale reed bed system in Pisa Italy.  Analyses were
performed at different times of the year.  In winter, drainage rapidly led to a maximum of about 8%
DW, whereas in summer the dewatering process significantly continued after the first week due to
evapotranspiration up to about 40% DW.  A comparative analysis of planted and unplanted beds
confirmed that the function of plants is vital in winter, since the unplanted bed did not present any
dewatering capability.  An optimum of 11 days resting time was obtained in this case study.

Melidis et al. (2010) reported that a CW facility was used to treat the sewage from a municipality in
Nea Madytos, Province of Thessaloniki, North Greece. The primary settled sludge produced in the
Imhoff tank of this facility were treated with CWs planted with Phragmites australis. The
dewatering efficiency was monitored for 1 year, period which 7884 m3 of biosolids from the Imhoff
tank were moved to the VFCWs. When the study was published, no biosolids had been removed
and the level of the dewatered sludge on the bed was about 20 cm, with a volume of residue sludge
of 28 m3. This means a reduction of biosolids of 99.6%. At the end of the examination period, the
TS and VS content found were 55% and 40% respectively in top layer, then 65% and 35% in the
bottom layer. The heavy metal concentration complied with the European Union standards in case of
agricultural disposal of the treated sludge.

Suntti et al. (2011) in Florianopolis, Santa Catarina, Brazil evaluated the potential of VFCWs
planted with Zizaniopsis bonariensis in dewatering and mineralization of septic tank sludge in two
pilot scale VFCWs for two different SLR of 250 kg TS m-2 year-1 and 125 kg TS m-2 year-1.  It was
found that the results of the units were better for the lower SLR evaluated, reaching removal
efficiencies, such as 96% of TS, 99% of COD, and 72% of ammonia. The surface area of each
wetlands was 4.3 m2 (2.6 m length and 1.65 m width), the support medium had 0.75 m height (0.1 m
of coarse sand, 0. . a freeboard of 0.55 m to allow
sludge accumulation.  At the beginning of the experimental period, the wetlands were fed by
wastewater while the plants were adapted, after that period, wetlands were fed by sludge once a
week; with gradually increase of the applied sludge.  The research lasted 126 days and showed that
sludge accumulation reached 0.08 m and 0.13 m of height for the lower and higher SLR
respectively.  In the case of lower SLR, it was detected a major concentration of solids in the
accumulated sludge, which means good dehydration or mineralization process.  Even though this
study is a valuable contribution in the topic in Latin America, there is still a lack of information
regarding microbial contamination and its transformation.

Stefanakis et al. (2011) conducted a research in Greece where thickened wastewater activated sludge
was treated in 13 pilot-scale sludge treatment wetlands of several configurations, operated
continuously during three years. The sludge was loaded for approximately 2.5 years, and the beds
were left to rest for the remaining time. Three different sludge loading rates were used in order to
represent different population equivalents. The stability and maturity of the residual sludge were
monitored in the last year.  The sludge was often sampled and microbial respiration activity rates
were measured. The phytotoxicity of sludge was quantified; and measurements of TS, organic
matter, total coliforms, pH and electrical conductivity were also completed. The sludge end-product
was qualified as stable after microbial respiration measurements.  The presence of plants positively
affected the stability and maturity of the residual sludge end-product whereas aeration did not affect
significantly the quality of the residual sludge, although the addition of chromium at high
concentrations hindered the sludge decomposition process. In this case study, it was concluded that
sludge treatment via wetlands can be successfully implemented to dewater as well as to stabilize and
mature wastewater sludge after approximately a four-month resting phase.

Uggetti et al. (2012a), in Universitat Politècnica de Catalunya in Barcelona, evaluated the efficiency
of dewatering and mineralisation of three sludge treatment wetlands (CWs) configurations for two
different plant species (Phragmites australis and Typha sp.) and two filter media (gravel and wood
shavings).  During 2 years, researchers observed that the sludge volume was reduced by 80% in all
of the three configurations tested, the total solids (TS) increased from 16 to 24% and the volatile
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solids (VS) decreased 50%.  After a three month resting period, the biosolids showed high
stabilization, causing no phytotoxicity, and low concentrations of heavy metals and pathogens (E.
coli < 240 MNP/g; absence of Salmonella). The lack of statistical significance (p > 0.05) between
the results obtained from the different sludge treatment wetlands configurations indicates that this
type of wetlands may be either planted with P. australis or Typha sp., and that wood shavings may
replace gravel as filter medium.

In 2013, in Quebec, Canada, Gagnon et al., conducted an experiment in a field located at the
Montreal Botanical Garden, which has a semi-continental climate with warm, humid summers and
very cold winters.  The aim of the study was to evaluate the effect of three plant species (Phragmites
australis, Typha angustifolia and Scirpus fluviatilis) and an unplanted control on settled fish farm
sludge dewatering and mineralisation, and on the general fate of water.  VFCWs planted with P.
australis resulted in the highest decrease in sludge volume and were the most efficient for sludge
dewatering, mineralisation of organic matter and nutrient sequestered in plant tissues compared to
the other species and the unplanted control.  They indicated that with respect to sludge treatment
wetlands, the presence and the choice of plant species is an important factor that affects sludge
dewatering and mineralisation processes but also the general fate of water and pollutants.

In a case study in Gujarat India, Mamani-Casilla (2014) evaluated the treatment of sludge from

pilot-scale CWs with filter medium conformed by four types of gravel of different diameters and
planted with Phragmites karka and Napier bajra. The CWs were operated at different sludge
loading rates of 40.5; 81; 121.5 and 162 kg TSS m-2 year-1.  Both, biosolids accumulated on the top
of the wetlands and percolated effluents characteristics after treatment were calculated with regard to
agricultural reuse point-of-view.  All the configurations presented similar efficiency results in terms
of nutrients, concentration, mineralisation and hygienisation.  On the other hand, regarding sludge
dryness, important differences were observed at different loading rates.  In fact, a loading rate of 108
kg TSS m-2 year-1 was recommended with the aim to obtain a product with appropriate moisture
content.

All the studies mentioned above show that planted CWs are a good technological alternative for the
treatment of sludge from septic tanks.  Sludge dewatering and stabilization are the main features of
this technology.  Furthermore, removing sludge from the wetlands is not required during several
years. At the end, the final product accumulated on the top of the wetland units can be used as an
organic fertiliser or soil conditioner.

This research on VFCWs has great potential due to low cost of this technology  and ease of
application in developing countries, where there is a lack of scientific information and where sludge
from septic tanks is often released into the environment in an uncontrolled manner without any
treatment.

1.2. Problem statement
Normally, the treatment of sewage sludge and its final disposal is a complex and expensive issue that
requires economic, technical, environmental, public health and legal considerations.  The final
disposal of sludge is neglected in some cases when designing wastewater treatment systems, and
sometimes sludge disposal becomes a serious issue only in emergency situations, undermining in
this case the benefits of the wastewater treatment systems (Fernandes et al., 2007). The haphazard
disposal of untreated FS into the environment is a major cause of environmental degradation and a
threat to public health. At the time of writing, only limited initiatives have been created to
implement faecal sludge treatment options and technologies (Dangol, 2013).

According to Fernandes et al. (2007), sludge management can reach values from 20% up to 60% of
the total operational costs of a wastewater treatment plant. Therefore, the processing methods as
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well as the evaluation of alternatives for the final disposal should not be overlooked and must be
included as a process of the treatment plants.

The demand of water and sanitation services is increasing all over the world.  In developing
countries, there are low indices of wastewater treatment, however it is expected that in the near
future the number of treatment plants will increase so as to achieve the goals set by governments in
sanitation.  In other words, it is expected that the amount of sludge produced from wastewater
treatment will also increase, which is a matter of concern in many countries (von Sperling &
Andreoli, 2005). To deal with this increase, sustainable solutions must be implemented in order to
mitigate or to avoid the aggravation of this issue in the coming years.

The septic tank is one of the most common sanitation technology implemented in developing
countries, and it requires proper maintenance at regular intervals since the accumulated sludge must
be removed in order to avoid compromising the functioning of the system (Philippy, 1993 cited by
Suntti et al., 2011).  Likewise, the sludge from septic tanks must be treated and adequately disposed,
due to the high concentration of non-established organic matter, as well as elevated content of
pathogenic organisms (Suntti et al., 2011). Although some information is available, there is still
need for further research regarding the adequate treatment of sludge from septic tanks before its final
disposal in Latin American countries.

1.3. Research objectives
1.3.1. Main Objective of the Study

To evaluate the performance of a VFCW at full and pilot scale system planted with Cynodon
spp. for the treatment of sludge from septic tanks, operating at variable hydraulic and solids
loading rates.

1.3.2. Specific Objectives
To assess the performance of a VFCW planted with Cynodon spp. to treat sludge from
septic tanks in the removal of physical-chemical parameters like TCOD, TBOD, TS, TVS
and TKN.

To evaluate the performance of a planted VFCW to treat septic tank sludge for the removal
of microbial contamination in terms of E. coli.

To establish the effect of the recirculation of the percolated effluent on planted VFCW in
the removal capacity of physical-chemical parameters and microbial contamination.

To compare the performance of the VFCW at pilot and at full scale system for the same
SLR

1.4. Research questions
1. Can a VFCW have good performance in terms of physicochemical and microbiological

parameters for the evaluated SLR of sludge from septic tanks?
2. Can recirculation of percolated effluent improve the performance of a VFCW?
3. Can an unplanted VFCW reach good removal efficiency?
4. Can the sludge accumulated on the top of a VFCW reach high percentages of dewatering?
5. Can the performance of a pilot scale and a full scale VFCW be similar when receiving the

same SLR?
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1.5. Significance of the research
The treatment and disposal of sludge from wastewater treatment is a problem of high importance,
especially in developing countries, where these residues are usually discharged without any
treatment into water bodies or in informal dumps, generating a negative impact on the environment
and human health.

According to Valencia et al. (2009), available methods for adequate FS management (treatment and
disposal) such as composting, anaerobic digestion and chemical treatment, are frequently not
feasible in developing countries because of high handling and operational costs. As a result, natural
technologies and environmentally friendly approaches like CWs are an alternative for the treatment
of wastewater and sludge. This is a treatment system created to mimic the processes that occur in
nature and transform contaminated water to treated water.  It has considerable advantages such as:
simplicity in handling, low construction and maintenance costs compared to other technologies,
obtainment of excellent results in terms of organic matter removal and easiness of application in
developing countries.

There is little consolidated scientific evidence regarding experiences with treatment of sludge
coming from septic tanks by constructed wetlands. Also, most of the researches on this type of
sludge treatment were undertaken in Europe, Asia and Africa.  According to Suntti et al. (2011), the
treatment process with sludge in planted constructed wetlands has neither been studied nor applied in
detail for Latin America countries.

The research aim is to evaluate the performance of the VFCW for organic matter and microbial
removal when evaluating different SLRs, and it has a great potential due to the easiness of
application in developing and tropical countries (low cost and good results) where the sludge from
septic tanks is often released into the environment in an uncontrolled manner without treatment.
This is an important matter of concern taking into account that in developing countries septic tanks
are common and extensively applied technologies. According to Strande et al. (2014), about 193
million people in Latin America need adequate fecal sludge management, as around 33% of the
population in this region are served by onsite solutions such as septic tanks, flush / pour flush pits
and pit dry.

This study was carried out using real septic tank sludge coming from several communities located
near to Belo Horizonte (Brazil), thus reproducing the most realistic conditions for tropical countries.
It is also important to mention that there are few scientific reports on full scale tests dealing with this
residue, which makes this work very interesting for further studies related to this type of sludge.
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2.1. Wetland definition and characteristics
Wetlands can be divided into two types; natural and constructed wetlands (CW).  The natural type
exist already in the landscape as part of natural processes, while CWs are artificial ecosystems
established by human intervention as well as by hydrologic (Wetzel, 2001; Mitsch & Gosselink,
2007; Vymazal & Kropfelova, 2008 cited by Fonder & Headley, 2013).

According to Kadlec & Wallace (2009a), wetlands are land areas that are wet all the year or just part
of it depending on its location in the natural landscape (water table is at or near the surface):  Only a
certain type of plant species can grow in a wetland due to wet and saturated conditions.  Along
history, wetlands have had several names such as swamps, marshes, bogs, fens or sloughs.

Constructed wetlands (CWs) are systems designed to carry out the treatment of contaminated
wastewater using natural processes (Vymazal et al., 2006). These systems reproduce the processes
that occur in natural wetlands in order to transform the contaminants in a controlled and predictable
manner (Montilla, 2009). A CW allows transforming the pollutants into less harmful by-products
and the biological activity in those is much higher than in some other ecosystems.  These types of
treatment systems are easy to operate and maintain as well as being more economic than others
because of the low fuel energy and reduced chemicals requirement. Also few structures are needed
for a good performance in order to meet the treatment objectives (Kadlec & Wallace, 2009b).

CWs generally may contain emergent plants, such as reeds (Phragmites), bulrush (Scirpus) and
cattails (Typha). According to Ascuntar-Rios et al. (2009), other type of plant, Heliconia
psittacorum has been used lately in CW with very good results in tropical countries.  Another benefit
is that they may also be sold in markets creating opportunities to generate income (Konnerup et al.,
2009).  Additionally, CWs use filter medium such as sand, gravel, soil material or a combination of
these (Koottatep et al., 2001).

2.2. Types of wetlands
There are two categories of CWs, with surface flow or subsurface flow.  Hybrid systems also exist
that incorporate both.  Surface flow wetlands can have some areas of open water, which can contain
floating, submerged and emergent plants depending on the design configuration (Kadlec & Wallace,
2009a).

Subsurface wetlands can be classified according to the direction in which water flows: either vertical
or horizontal (Montilla, 2009; Cui et al., 2012).  Subsurface flow wetlands are very common in

CHAPTER 2
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developed countries like Germany, England, France, Denmark, Austria, Poland, Italy, among others
(Hoffmann & Platzer, 2010). The subsurface systems contain always emergent macrophytes and
based on the flow direction can be divided in: horizontal sub-surface flow (HFCW), vertical down
flow (VDFCW), vertical up flow (VUFCW) and fill and drain (F&D) treatment wetlands (Fonder &
Headley, 2013).

Literature reports that the use of plants in wetlands helps to improve the oxygen transfer from the
atmosphere to the system, to stabilize the bed surface, to increase the porosity in the entire volume
media, to absorb and store nutrients for plants, to avoid channelized flow and improve aesthetics
wetland (Abou-Elela & Hellal, 2012).  In addition, the degradation process occurs mainly in the root
zone (or rhizosphere) through the interaction of plants, microorganisms, soil or substrate and
contaminants (Montilla, 2009).

Rushes, reeds and cattails are the most typical vegetation types, although other native sedges and
local wetland species can also be used (Setty, 2007). The roots of these plants have a large surface
area, which enhances the treatment efficiency through attached growth (biofilm growing in roots).
Such plants provide the surface for the microorganisms to grow and allow the filtration and
adsorption of the pollutants present in the wastewater. Additionally, they may inhibit algal growth
and enhance the formation of aerobic zones around the roots due to the characteristics of these plants
to transport oxygen from the leaves to the roots (Silva, 2002; Arias et al., 2003; Dallas, 2004; Setty,
2007; Faulwetter et al., 2009) and further reduce the residual water content by plant
evapotranspiration (Uggetti et al., 2010). Its design should take into account factors such as rooting
depth, tolerance to high loads of wastewater and plant productivity (Silva, 2002).

According to Seeger et al. (2011), wetlands can have or not filter medium.  In the case that CWs
does not have it, the type of compounds present in wastewater is a very important aspect to be
analysed.  In the case of volatile organic compounds, these have a much higher tendency to volatilize
in wetlands without filter medium than in wetlands with gravel as a filter medium, which means that
this condition must not be applied in wetlands to treat wastewater contaminated with volatile
compounds.

2.3. Processes in wetlands
Imfeld et al. (2009) define the removal processes that occur within a constructed wetland classifying
these as non-destructive and destructive processes. The first ones are those in which the reduction of
the concentration of contaminants within the aqueous phase occurs through non-destructive
partitioning processes, such as absorption, sedimentation, adsorption and volatilization. Destructive
processes of the phytodegradation are defined as the metabolic degradation or breakdown of organic
contaminants by vegetable enzymes and microbial degradation which highly depends on the
physicochemical properties of the contaminant (its recalcitrance or biodegradability). More
specifically, the main chemical, physical and biological processes that occur in wetlands and mainly
favouring the wastewater treatment are: i) fixation of heavy metals in sediments; ii) sedimentation,
filtration and suspended solids degradation; iii) mineralization of organic matter; iv) plant
assimilation and microbial immobilization of inorganic compounds; v) ammonification, nitrification
and denitrification; vi) volatilization of ammonia from the surface layers of the sediment; vii)
adsorption and chemical precipitation of phosphate, aluminium, iron, calcium and clay minerals;
viii) sulphate reduction; ix) elimination of pathogens through sedimentation, gradual death,
ultraviolet radiation and excretion of antibiotics by other microorganisms, xi) disappearance of some
pathogens by predatory organisms (Setty, 2007; Montilla, 2009; Abou-Elela & Hellal, 2012).

The key parameters in the operation of the wetland are the interactions between oxygen transport,
infiltration dynamics, aerobic processes and obstruction of the filter media (Kayser & Kunst, 2005).
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2.4. Vertical flow constructed wetlands (VFCWs)
Vertical flow constructed wetlands were developed in Europe as an alternative to horizontal
wetlands to produce nitrified effluent. Normally, the vertical systems are combined with horizontal
ones to allow nitrification and denitrification processes gradually and thus achieve nitrogen removal.
The water flow or movement is vertical and occurs during periods of time, not continuously, so the
granular medium is not permanently flooded (Garcia & Corzo, 2008).

As with HFCW, VFCW are constituted by the following elements: (1) the influent inlet structures to
achieve a uniform distribution and collection throughout the area of the system, (2) waterproofing,
(3) granular medium (have three or more horizontal layers with different grain size, the surface layer
is coarse sand or fine gravel, the intermediate is medium gravel and in the bottom is coarse gravel,
which increases with bed depth), (4) Vegetation, and (5) output structures (Garcia & Corzo, 2008).

The vegetation generally used in Europe is herbaceous emergent macrophytes; the most common
type of plant reported is Phragmites australis (Fonder & Headley, 2013).  A VFCW scheme can be
seen in Figure 2-1.

Figure 2-1 VFCW typical scheme
Source (Molle et al., 2005)

VFCW systems have greater treatment capacity than horizontal ones, due to fewer surface is
required to treat a particular organic load.  On the other hand, clogging of the filter is by far the main
operational problem; consequently, balancing correctly the organic load and oxygenation renewal
within the media are extremely important (Kayser & Kunst, 2005). Certainly, the key processes to
secure a durable filter operation is to enhance media aeration by ensuring aerobic conditions, control
the growth of the attached biomass and mineralise the organic deposit resultant from the SS retention
onto the top of the filters (Molle et al., 2006).

2.5. Advantages and disadvantages of wetlands
The main advantages and disadvantages of CWs according to several authors can be seen in Table
2-1.
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Table 2-1 Main advantages and disadvantages of wetlands

ADVANTAGES DISADVANTAGES
Simple design.
Effective treatment with minimal need for
electricity, mechanical equipment and qualified
personnel.
Lower costs of construction, operation and
maintenance than mechanical processes.
In tropical countries this treatment is possible
throughout the complete year.
Great potential for its applicability in
developing countries, particularly in small rural
communities.
Subsurface flow wetlands provide greater
thermal protection.
Opportunity of using the produced plant
biomass.
Wetlands do not produce biosolids or sludge
waste requiring subsequent treatment.
If operated properly and subsurface flow level
is maintained, mosquitoes and other insect
vectors are not a problem.
High removal efficiency of BOD and coliforms
Nitrogen removal can reach from 70 to 95%.
Does not require the addition of chemicals.
The useful lifetime depending on wastewater
loadings, the capacity of the wetland, among
others, can be more than 20 years with little
loss of effectiveness.
Highly flexible and versatile system that can
treat many types of wastewater, as well as wide
variations in wastewater load characteristics.
Compact system that involve processes like
biofiltration, aerobic degradation, anaerobic
degradation and sludge treatment in a single
processing element.
Does not produce odours, since the flow of
wastewater goes in a subsurface way.
The system can be integrated into the natural
landscape of the area where it is located and in
some cases may increase fauna.
In well-designed systems and managed
satisfactorily, faecal coliform removal can be
increased up to 99%.

Generally require larger land areas than
conventional wastewater treatment systems.
So they can be economical relative to other
options only where land is available and
affordable.
Wastewater requires previous treatment
(primary or simplified secondary)
Performance may be less consistent than in
conventional treatment. The efficiencies may
vary seasonally in response to changing
environmental conditions, including rainfall
and drought. While the average performance
over the year may be acceptable, wetland
treatment cannot be relied upon if effluent
quality must meet stringent discharge standards
at all times.
In cold climates, in winter time, the rate of
removal of BOD, NH3 and NO3 is reduced
The accomplished coliform removal is not
always sufficient, so that it may require
subsequent disinfection processes.
The biological components are sensitive to
toxic chemicals like ammonia and pesticides.
Need for a substrate such as gravel or sand, the
average cost of the support media can be
expensive due to its transfer and placement on
site.
The phosphorus, metals and some persistent
organic compounds that are removed by the
system remain bound to sediment and thus
accumulate over time.
Susceptible to clogging.

Need of macrophytes handling.
Possibility of mosquitoes in surface flow
systems.

Sources: Davis, (1995); Koottatep et al., (2001); Arias et al., (2003); Dallas, (2004); Von Sperling & Andreoli (2005); Sierra, (2006); Setty, (2007); DWC, (2009);

Montilla (2009)

2.6. Application of wetlands
The most common applications of CWs are for municipal wastewater treatment (Okurut et al., 1999;
Lienard et al., 2004; Abou-Elela & Hellal, 2012; Pandey et al. 2013), decentralized treatment of
domestic wastewater (Madera et al., 2005; Konnerup et al., 2009; Zapater et al., 2011; Gikas &
Tsihirintz, 2012; Ilyas, 2013; Kyomukama, 2014), greywater treatment (Hoffmann & Platzer, 2010),
pre-treatment of raw sewage - "French system"- (Molle et al., 2005; Cota, 2011; Morais, 2012; Lana,
2013), industrial wastewater treatment (Bojcevska & Tonderski, 2007; Wang et al., 2009),
stormwater treatment (Scholz, 2011), natural treatment of polluted rivers and lakes (Tang et al.,
2009), sludge dewatering and mineralization (Edwards et al., 2001; Stefanakis et al., 2009; Troesch
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et al., 2009; Melidis et al,  2010; Uggetti et al., 2012a; Uggetti et al., 2012b; Gustavsson & Engwall,
2012; Nielsen et al., 2014) and treatment of septage or faecal sludge (Koottatep et al.,
2001;Koottatep et al., 2004; Toniato et al., 2005; Arquier, 2007; Kengne et al., 2011; Suntti et al.,
2011; Furtado, 2012). Similarly, there have been successful experiences in CWs for the treatment
of: acid mine drainage (Sheoran & Sheoran, 2006), landfill leachates (Bulc, 2006; Kadlec &
Wallace, 2009b; Cortes & Madera, s.f.), emerging pollutants (Avila et al., 2010; Toro-Velez, 2014),
volatile organic compounds (Braeckevelt et al., 2008; Seeger et al., 2011) and runoff (Singh et al.,
2014) among many other applications all over the world.

2.7. Septage origin
The material removed (liquid or solid) from the sewage disposal static systems or individual systems
(rudimentary sewage tank or well designed and constructed septic tank) is a mixture of sewage and
sludge (USEPA, 1999), which does not present the typical characteristics of the wastewater neither
sludge; this is normally more diluted than sludge and more concentrated than wastewater (Andreoli,
2009).

Compared to sludge from wastewater treatment plants or to municipal wastewater, the characteristics
of faecal sludge (FS) fluctuate largely according to the location (Heinss et al., 1998). Sludge from
septic tanks is also found in the literature as faecal sludge, due to its composition that is basically
domestic (Andreoli, 2009), normally is composed mostly of water, sewage, inorganic material (sand)
and faecal organic material, has a dark colour, strong odour among other specific characteristics
(Andreoli et al., 2001).

According to Dangol (2013), the FS definition has been proposed like this:

Sludge from on-site sanitation systems such as septic tanks, aqua privies, family latrines
(Single pit latrines, VIP latrines) and unsewered public toilets;

Septage - that is biodegradable waste from septic tanks and similar on-site treatment units,
and which includes the sediments, water, grease and scum pumped from a septic tank.

And th

Other definition of FS proposed by Strande et al. Faecal sludge comes from onsite
sanitation technologies, and has not been transported through a sewer. It is raw or partially digested,
a slurry or semisolid, and results from the collection, storage or treatment of combinations of excreta
and blackwater, with or without greywater. Examples of onsite technologies include pit latrines,
unsewered public ablution blocks, septic tanks, aqua privies, and dry toilets. FS is highly variable in

Klingel et al. (2002), mentions that FS has numerous characteristics that make it difficult to handle,
that is why it cannot be discharged into water bodies or be treated like wastewater because it is
highly contaminated, cannot be landfilled or treated like solid waste since its moisture content is
very high, and lastly cannot be directly used for crop fertilizing due to its considerable pathogenic
content.

According to Heinss et al. (1998), FS may be divided into two different categories low and high
strength.  The low strength is comprised of septage in most cases usually stored for several years, on
the other hand, high-strength sludge corresponds to a fresh and largely undigested sludge stored for
days or weeks only, collected from typical bucket latrines and unsewered public toilets.

The FS characteristics can be influenced by factors such as: storage duration (months or years), tank
emptying technology and pattern, performance of the septic tank, intrusion of groundwater,
temperature, admixtures (grease, kitchen or solid waste of FS). Even though the interest of this
experiment was to treat just sludge from septic tanks, there must be taken into account that in Brazil
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there are other types of systems (individual systems) to treat wastewater and they are relatively
different according to the septic tanks characteristics. There are other various types of tanks,
normally excavated waterproof tanks that collect sewage (to its frequent removal), and some other
tanks that may or may not have walls. So in this research, the effluent coming from those tanks
(normally in Brazil called Fossas) and septic tanks that treats wastewater and FS (Andreoli, 2009)
were evaluated.  In this document, sludge from septic tanks, septage or FS terms are used to discuss
about the same pumped, transported and discharged material by trucks into the wastewater treatment
plant (Arrudas), where this study was held.

2.7.1. Septic tanks (STs)
Septic tanks (STs) were conceived around 1860 in France (Chernicharo, 2007). STs are an individual
solution, or even collectively, to treat sanitary sewage. They are a simple, compact and low-cost
technology. By themselves, they do not reach high efficiency, mainly in removal of pathogens and
dissolved substances (solids and organics). However, they do produce a reasonable effluent, which
can be more easily routed to a post-treatment or at the final destination (Andreoli, 2009; Tilley et al.,
2014). They are catalogued as integrated and sustainable decentralized systems, composed of one or
more units of unconventional systems, and are one of the most common sanitation solutions in
developing countries (Naphi, 2004) such as Colombia (Valencia et al., 2010) and Brazil, where it is
the most often employed for treatment of domestic sewage, being used by about a quarter of the
population (Furtado, 2012).

Tilley et al. (2014) mentioned that a septic tank is defined as a watertight chamber made of materials
such as concrete, fibreglass, PVC or even plastic, through which both blackwater and greywater
flows for primary treatment.  Settling and anaerobic processes reduce solids and organics; however,
the treatment is only moderate, small land area is required and frequent desludging must be ensured.

Functioning of the systems is based on liquid that flows through the tank, allowing for heavy
particles sink to the bottom, while scum conformed mostly by oil and grease floats to the top.
Through anaerobic processes the solids that settle to the bottom are degraded over time.  The rate of
accumulation is faster than the rate of decomposition, thus the accumulated sludge and scum should
be periodically removed.  Generally, the removal of 50% of solids, 30 to 40% of BOD and a 1-log
removal of E. coli are expected in a well-designed, constructed and maintained septic tank; however
efficiencies may vary significantly depending on previous conditions as well as on climatic
conditions. Usually, STs should be emptied every 2 to 5 years, preferably by using a motorized
emptying and transport technology (Tilley et al., 2014).

The design of a STs depends on the number of users; the amount of water used per capita, the
average annual local temperature, the desludging frequency and the characteristics of the
wastewater. It is said that a retention time of about 48 hours is needed in order to achieve moderate
treatment (Tilley et al., 2014), although there are other wider ranges considered in literature which
oscillate around half a day to three days (Suarez, 2010). The scheme of a septic tank with two
chambers can be seen in Figure 2-2.
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Figure 2-2 Typical septic tank scheme
Source: Tilley et al. (2014)

In developing countries, there are a huge amount of septic tank systems, some of them working
properly and some others not in the best conditions, creating serious public health hazards as well as
adversely affect in populations. Problems like deficient treatment because there is failing of some of
the septic systems, or inadequate sludge disposal are the main ones.  Taking into account all these
problems related to wastewater infrastructure and municipal governments, constructed wetlands and
especially the ones of vertical flow can be an excellent alternative for the treatment of sludge from
septic tanks, thus contributing to the improvement of the water resources and environment in
general.

2.8. Septage characteristics
2.8.1. Septage characteristics in the world
The sewage sludge production is associated with the wastewater treatment used.  For the case of
STs, the characteristic of sludge according to several authors around the world can be seen in Table
2-2, where TS: Total Solids, TVS: Total Volatile Solids, TSS: Total Suspended Solids, VSS:
Volatile Suspended Solids, BOD: Biochemical Oxygen Demand, COD: Chemical Oxygen Demand,
TKN: Total Kjeldahl Nitrogen, TP: Total Phosphorus and F&O: Fats and Oils.

From Table 2-2 it is possible to notice that the physicochemical characteristics reported by several
international authors vary a lot regarding the quality of the sludge. Same trend is observed for
Brazilian literature.  According to USEPA (1999), those variations depend on several factors such as
the weather, absence of fat an oils (if there is a grease trap before the septic tank), the existence of
crusher in kitchen sinks, the cleaning habits, activities of users, frequency of cleaning of the pit, the
local climate,  dimensions, and other details of the cavity design.
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2.8.2. Septage Characteristics in Brazil
In Brazil, research has been undertaken in order to understand the different physicochemical
characteristics of septic effluents.

A research program with extensive work on the characterization of different types of septic effluents
was directed by the Brazilian Research Program on Sanitation (PROSAB) with participation of
universities from all regions of the country in order to know the different physicochemical
characteristics of these effluents in the five regions of the country (Midwest, Northeast, North, and
Southeast and South region). The results show that there is great variability in septic sludge for
almost all its constituents, such as moisture, organic matter, macro and micronutrients and chemical
and biological contaminants. In general, it was observed that this effluent presents a dilution of the
settled material of these tanks, in other words, effluent or septage has features of a concentrated
sewage effluent. There is also a large variation of the stability of the material, which varies mainly
in relation to the detention time of the septic tanks. Due to obtained results that vary greatly in
researches, median values were more appropriate to analyse the behaviour of the evaluated
parameters and they can be seen in Table 2-3 together with other septage characterizations
performed in the country, specifically in Curitiba and Natal by Tachini et al. (2006) and Ratis (2009)
respectively.  Also, typical values for domestic wastewater are presented (Von Sperling, 2007) in
order to establish a comparison among septage and wastewater.

Table 2-3 Comparison between septage characterization in various studies in Brazil with the raw
domestic sewage constituents in developing countries

Parameters

Septage studies held in Brazil

Wastewater
values in

developing

countries

Andreoli (2009) (*) Tachini
et al.,

2006
(**)

Ratis
(2009)

(*)

Von Sperling
(2007)
(***)

Institution 1
FAE/

SANEPAR

Institution 2
UFRN

/LARHISA

Institution 3
UNB/CAESB

/CAESB

Institution 4
USP/EESC/

EESC

Temperature ND ND ND ND ND 29.3 ND

pH (UND) 7.3 6.7 7.1 7.0 6.81 6.68 7.0

Alkalinity
(mg CaCO3 L-1)

743 387 271 461 1,015 391 200

Conductivity
-1)

1,480 957 ND ND ND 964 ND

BOD5 (mg L-1) 2,396 955 ND 666 11,424 973 300

COD (mg L-1) 9,300 3,434 487 1,663 23,835 3,549 600

Ammonia (mg NH3-
N L-1)

90 62 54 ND ND 64-6 25

TKN (mg N L-1) 400 93 90 ND ND 92.6 45

TP (mgPO4 L-1) 103 ND 8 37 ND 40.3 7

F&O (mg L-1) 1,508 146 ND 137 ND 151 ND

TS (mg L-1) 8,208 3,489 1,504 1,712 49,593 3,557 1,100

VS (mg L-1) 5,612 2,456 1,263 790 29,685 2,480 620

TSS (mg L-1) 5,042 2,021 1,010 900 37,731 2,264 350

VSS (mg L-1) 2,786 1,460 1,015 489 ND 1,605 320

Settleable Solids
(ml L-1)

110 67 4 13 579 75 15

Total Coliforms
(UFC mL-1)

ND ND ND ND ND
1,38E+

07
ND

Helminth (Eggs L-1) ND ND ND ND ND 7 ND

ND = No Data, (*) Median values, (**) Mean values, (***) Typical values
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The results obtained from this research are compared with those shown in Table 2-3, due to values
that correspond to septage samples (at times diluted or sometimes very concentrated) from trucks in
charge of collecting, transporting and disposing these types of effluents, which is very similar to the
evaluated conditions of this experiment.

The final destination of the septage is a serious problem that has not yet been adequately solved.
There is an estimated production value of about 80.000 m3 d-1 of moist septic sludge in Brazil;
resulting in a potential generation of approximately 7 million m3 year-1 of septic digested sludge
(Andreoli, 2009).

2.9. Septage management
Related to wastewater treatment technology, the development of sustainable options to treat septage
or FS has long been neglected (Strauss et al., 2000). The sludge from septic tanks contains high
amount of solids, nutrients, organic material and may contain pathogens and many other pollutants.
Therefore, it must be disposed properly in order to avoid environmental and health risks.
Nevertheless, in developing countries such Brazil, it is a very common releasing septage in sewage,
rainwater drainage networks or water bodies (Cordeiro, 2010). In recent years, Brazil has focused
operational and scientific efforts to the management of sewage sludge produced in wastewater
treatment plants, while little attention has been given on sludge management from decentralized
sanitation systems (Andreoli, 2009).

For all the above mentioned reasons, septage needs to be removed, transported, conditioned and
treated appropriately for its disposal. Thus, the correct management of septage is a Brazilian
municipalit necessity in order to not harm the environment and the quality of life of the
population.

Very few Brazilian municipalities have adequate infrastructure (ponds, drying beds, chemical
treatment etc.) for the collection, transportation and disposal of the septage to accelerate the
dewatering operation and simultaneously improve the physical, chemical and bacteriological
characteristics of the sludge, which can reduce costs transportation and facilitate the reuse of this
residue (Andreoli, 2009). In some places of the country, it is discharged into the sewage system or
into wastewater treatment plants; consequently the treatment is combined with the sanitary sewer.
When there is control, such as the case of the city of Belo Horizonte in Minas Gerais State, sludge
collector enterprises should pay a tax for discharging this residue.  It is well known that sludge
treatment presents costs but there is vagueness in the fact that it is not defined who would be
responsible for operation and for paying these costs (municipalities, governments, users).

2.10.Sludge treatment in vertical flow constructed
wetlands

Sludge management has become a crucial issue in urban and industrial wastewater treatment due to:
the huge amounts of sludge produced as waste or by-product of wastewater treatment processes; and
to the complexity of its disposal taking into account the large amounts to be treated.

Although VFCWs have been employed in wastewater treatment for several years, systems for
dewatering, stabilizing and maturating of the sludge are far less numerous (Stefanakis et al., 2011).
A typical scheme representing septage treatment in a VFCW can be observed in Figure 2-3.
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Figure 2-3 Septage treatment in a VFCW
Source: Koottatep et al., 2002

Sludge treatment wetlands or sludge drying reed beds (SDRBs) is a technology which has been used
since the late 1980s, nonetheless, the number of plants in operation are still very low in comparison
with conventional technologies (Uggetti et al; 2010).  Thus, methods to improve sludge volume
reduction continue to be an issue of main interest.

According to Uggetti et al. (2010), there are no specific design criteria with respect to the shape of
beds, however they tend to be rectangular, and the total depth of the beds is about 2,4 m (0,6 - 0,7 m
of filter granular medium and 1,5 1,6 m for sludge accumulation). Draining pipes are opened to
promote air movement through the pipes and filtering medium.

Several experiences around the world with regard to sludge treatment using vertical wetlands are
presented in the Table 2-4.
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Table 2-4 Sludge treatment wetland experience around the world (last 15 years)

Authors Type of sludge Vegetation Units

Height
of the

filtering
medium

(cm)

Description of
Filter Media (From

the top to the
bottom)

Country

Summerfelt et al.
(1999)

Clarifier
backwash
within an
aquaculture
facility

Vetiveria
zizanioides

Six planted
wetlands beds
of a total area
of 4.4 m2

50

1) 10 cm sand; 2)
15 cm 6mm pea
gravel; 3) 10 cm
washed gravel 12
mm round; 4) 15
cm washed gravel
5 cm round

United
States

Edwards et al.
(2001)

From a
Biological
Aerated Filter
(BAF) treating
pig slurry.

Phragmites
australis

Three beds,
each of 3.5m2,
One unplanted
and other
planted

50

1) 10 cm 1 2 mm
rounded sea
gravel; 2) 15 cm
5 10 mm pea
gravel; 3) 10 cm
20 30  mm gravel;
4)
150 cm 30 60 mm
stones

United
Kingdom

Koottatep et
al.,(2004)

Septage
Typha
augustifolia

Three pilot-
scale CW units
with a total
area of 25m2

65

1) 10 cm layer of
fine sand; 2) 15 cm
layer of small
gravel; 3) 40 cm
layer of large
gravel

Thailand

Cofie et al.
(2006)

Septage and
public toilet
sludge

Unplanted

Two unplanted
drying beds
each had a
surface area of
25m2

40

1) 15 cm of sand
(0.2 0.6mm
diameter); 2) 10cm
gravel (10mm); 3)
15cm (gravel
19mm diameter).

Ghana

Panuvatvanich et
al. (2009)

Faecal sludge
Typha
augustifolia

Two planted
VFCW, each
had a surface
area of
1m2

60

1) 10 cm layer of
fine sand (0.30-
0.75mm); 2) 15 cm
layer of small
gravel (10-25mm);
3) 40 cm layer of
large gravel (25-
50mm)

Thailand

Troesch et al. ,
(2009)

Faecal sludge
Phragmites
australis

Eight
experimental
concrete beds
of 2m2 each

50-55

1) 5-10cm sand or
compost filtration
layer; 2) 20cm
Gravel layer
2/6mm; 3) 10cm
Transition layer
15/25mm; 4) 15cm
Peebles 30/60mm

France

Uggetti et al.
(2009)

Biological
waste sludge
from a
WWTP

Phragmites
australis

Three full-
scale drying
reed beds,
With bed
surface area of
66, 54 and 25
m2

respectively.

55

1) 25 cm of sand
(diameter from 0.3
to 1 mm); 2) 30 cm
of gravel (diameter
from 1 to 3 cm)

Spain

Kengne et al.
(2009)

Raw sludge

E.
pyramidalis
and
Cyperus
papyrus

Six dewatering
beds of 1 m2

each
ND ND Cameroon

Melidis et al.
(2010)

Primary settled
urban sludge

Phragmites
australis

Two planted
drying beds of

45
1)  0.10 m of sand;
2) 10cm of gravel,

Greece.
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Authors Type of sludge Vegetation Units

Height
of the

filtering
medium

(cm)

Description of
Filter Media (From

the top to the
bottom)

Country

a total area of
280 m2

D50=6 mm;
D50=0.5 mm); 3)
15c m of coarse
gravel, D50=24.4
mm; 4) 10cm of
cobbles, D50=90
mm

Peruzzi et al.
(2011)

Sewage sludge
from Urban
WWTPs

Phragmites
australis

Five beds
of 45m2 and
(2) six beds of
55m2

40

1)15cm  with
gravel of 5mm; 2)
25cm deep with
gravel of 0/70mm

Italy

Stefanakis et al.
(2011)

Thickened
wastewater
activated sludge

Phragmites
australis
and Typha
latifolia.
Other unit
was
unplanted.

Thirteen pilot-
scale sludge
treatment
wetlands of
various
configuration
total
surface of 0.53
m2

45 - 55

1) 15 cm fine
gravel layer D50 ¼
6 mm; 2) 15 cm
medium gravel
layer D50 ¼ 24.4
mm; 3) 15 - 25 cm
cobbles gravel
layer D50 ¼ 90
mm

Greece

Uggetti et al.
(2012a)

Thickened
activated
sludge collected
in an extended
aeration system
from a WWTP

Phragmites
australis
and Typha
sp.

Three sludge
treatment
wetlands
(STW)
configurations
differing on
plant species,
PVC
containers with
a surface area
of 1 m2

50

1) 10 cm of sand
(d50 = 1 mm; 2)30
cm of gravel or
wood shavings
(d50 = 5 mm; 3)
10 cm of stones
(d50 = 250 mm)

Spain

Suntti et al.
(2011)

Septic tank
sludge

Zizaniopsis
bonariensis

Two pilot CWs
with an area of
4.3 m2 each.

75

1) 10 cm coarse
sand; 2) 20 cm
Gravel ¾; 3) 45cm Brazil

Vincent et al.
(2012)

Activated
sludge and
septage

Unplanted
six 2 m2 pilot-
scale SDRBs

55

1) 10cm Compost
layer; 2) 20cm
gravel layer 2/6
mm; 3) 10cm
transition layer
15/25mm; 4) 15cm
peebles 30/60mm

France

Gustavsson &
Engwall, (2012)

Sludge from a
WWTP
receiving
wastewater
from industries
manufacturing
pharmaceutical
substances,
chemical
intermediates
and explosives

Phragmites
australis

Nine  reed
beds, with
a volume of 25
L and a surface
area of
approximately
700 cm2

32

1) 10 cm of sand,
2) 9 cm of coarse
sand; 3) 7 cm of
gravel; 4) 6 cm of
stones

Sweden

Nielsen et al.
(2014)

Sludge from
WWTPs

Phragmites
australis

Three systems
sludge reed
bed in three
different
WWTP

ND ND Denmark

ND: No Data
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The experiences with VFCWs have shown efficiency for wastewater and sludge.  The results
obtained from previous researchers with various types of sludge, and specially with sludge from
septic tanks can be compatible with various countries in Latin America, where atmospheric
conditions are similar, or even more adequate taking into account the tropical conditions (warm
temperatures and no long winter periods or absence of those) and where there are numerous septic
tanks as a sanitation solution that must be emptied and safely treated before its final disposal.

2.11.Vegetation in wetlands
The presence of appropriate plant species has shown the improvement of pollutant removal from
conventional constructed wetlands and this seems to be an important aspect to investigate in order to
optimize the efficiency of STW.  The use of plants allows reducing in concentration parameters such
as TS, COD and Nitrogen at the sludge treatment outlet (Gagnon et al., 2012); however more studies
should be carried out in order to clear up this findings (Gagnon et al., 2013).

2.11.1. Common vegetation in wetlands

The plant species to be selected in constructed wetlands should be perennial, have high tolerance to
extreme conditions like excess water and eutrophic environments, being easy to spread and rapid to
grow, easy harvesting and handling, and to have high capacity to remove nutrients and pollutants.  In
addition, they must be unlikely to get pests and diseases (Matos et al., 2008).

The use of plants such a Canna, Phragmites australis and Cyprus in constructed wetlands showed to
be a capable technology for the removal of physic-chemical and biological contaminants.  Abou-
Elela & Hellal (2012) found that the type of vegetation influenced the removal rate of pollutants
such as COD, BOD, TSS, N and TP. The presence of plants in VFCWs affords a more effective
distribution of the roots and enhances the formation of various microbial populations; hence better
removal rates can be reached. In the same manner, they provide a beautiful landscape view.

2.11.2. Cynodon spp.

In this research, Cynodon spp. or commonly called Tifton 85 was the selected plant used in the
constructed wetland systems.  According to Zhang et al. (1999), bermudagrasses (Cynodon spp.)
belonging to Cynodon genus are perennial grasses and the major turfgrasses for home lawns, public
parks, golf courses and sport fields, and are widely adapted to tropical conditions.  Their
morphological and physiological characteristics are not sufficient to differentiate some bermudagrass
genotypes for the reason that the differences among them are often subtle and subject to
environmental influence. The genus Cynodon comprises nine species, however Cynodon dactylon
(L.) Pers. or common bermudagrass is the most widespread.

According to Oliveira et al. (2000), the Tifton 85 (Cynodon spp.) was developed by Burton et al.
(1993) in the Coastal Plain Experiment Station (USDA-University of Georgia) in Tifton, south of
Georgia State.  Tifton 85 is the result of crossing the Tifton 68 with a South African introduction (PI
290884). Experiments conducted in the United States indicated this hybrid showed high potential
for dry matter production of high digestibility. Soares Filho et al. (2008) mentioned that in Brazil,
there is no record about where and how the Cynodon genus was introduced; it is believed that it was
introduced for some researchers and ranchers in order to evaluate its behaviour in Brazilian
conditions; the authors also ensure that the first documented information related about Cynodon was
presented later on by Burton & Hanna (1995) and by Pedreira et al. (1998).

In general, Cynodon spp. presents the following features: large stems, thin dark green leaves and
well developed rhizomes also high production capacity and growth, showing great potential for use
as forage in subtropical and tropical conditions. Although few research studies on CWs have been
conducted with this grass, in Brazil it has shown a good performance when evaluated (Cecato &
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Bortolo, 1999 cited by Matos et al., 2008), also they have been used for animal feeding in the United
States (Alvin et al., 1999).

Several types of plants have been used for wastewater and/or sludge treatment as was shown in
Table 2-4; however, the study of Cynodon has been very limited in the international context,
reporting very few studies, one in Asia and another one in North America (Vymazal, 2013).  On the
other hand, Cynodon has been studied in constructed wetlands in Brazil for swine wastewater (Matos
et al., 2009; Fia et al., 2011) and for dairy wastewater (Matos et al., 2010a; Matos et al., 2010b)
obtaining very good results for nutrient extraction and contaminant removal.

The evaluation of Cynodon for septage treatment was not found in scientific literature; therefore, this
research was aimed at partially filling this gap.

2.12.The role of the sludge deposit layer
In CWs or SDRBs, it is expected that filtration and interception are improved over time due to the
smaller pore size of the formed sludge deposit in comparison to the size of the granular medium.
With reed detritus accumulation, this organic layer seems to be a key component which can, either
favour treatment performances or limit some processes (Molle, 2014).   At the present time, little has
been done to understand the mechanisms involved in the deposit layer, but a good drainage will
enable better aeration and thus more efficient mineralization. Nevertheless, sludge deposit
dewaterability is dependent on many factors among which influent sludge composition and the
hydraulic properties of the sludge deposit are the main ones (Vincent et al., 2012).  According to
Molle (2014), this layer has several functions listed below:

Improves water retention time into the system and so treatment performances as long the
media stay in aerobic conditions.

Favours ammonia adsorption onto organic matter (OM), to be nitrified between batches or
during rest periods.

.

If operating conditions such as batch feeding, alternation between feeding and rest periods are not
well controlled, the deposit layer can induce process limitations (independent among them) avoiding
deposit mineralization as:

Oxygen transfer limitation (convection and diffusion).

The Figure 2-4 indicates the processes that take place in a sludge deposit layer
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Figure 2-4 Processes implied in the deposit layer
Source: Molle (2014)

Normally when a limitation occurs, it impacts the others and as a consequence the clogging rate is
increased.

2.13. Mixed statistical models
The term mixed model denotes to the use of both fixed and random effects in the same analysis.
These correspond to a hierarchy of levels with the repeated, correlated measurement occurring
among all of the lower level units for each particular upper level unit. Fixed effects have levels that
are of primary interest and would be used again if the experiment were repeated.  On the other hand,
random effects have levels that are not of primary interest, but rather are thought of as a random
selection from a much larger set of levels. Subject effects are almost always random effects, while
treatment levels are almost always fixed effects (Seltman, 2014).

In general, mixed models can be expressed by the following equation (Jiang, 2007).

For the equation above, is a vector of observations, is a matrix of known covariates, is a
vector of unknown regression coefficients, which are often called the fixed effects, Z is a known
matrix, is a vector of random effects, and is a vector of errors; and are unobservable and
uncorrelated. Normally, the covariance matrices and involve both, some
unknown dispersion parameters and variance components.
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3.1. Research approach
The aim of the study was to investigate the performance of VFCWs at full and pilot scale in treating
sludge from septic tanks. The field work for this study was divided into two different phases. Phase
1 comprised the sludge application in Full Scale System (FSS) and the construction and the start-up
of Pilot Scale System (PSS) from September up to December 2013.  On the other hand, Phase 2
included the comparison of operational conditions between FSS and PSS carried out over a period of
ten weeks (from January up to March 2014).

A full scale unit was used to test real conditions, while six pilot-scale columns allowed investigation
at different operational conditions during the research period. FSS and PSS had exactly equal
configuration regarding the height and type of the filtering medium (0.70 m and three types of grain
as a support medium) as well as the same type of plant (Cynodon spp.).

Some aspects were different among the FSS and the PSS such as: a) the age of the system; the FSS
was designed and operated since 2007 as the first stage of the French System of VFCWs (see item
3.4.1), while PSS was a more recent system operating since November 2013, in which adaptation
processes from the plants took place in a slower way; b) the area; being of 29,1 m2 and 0,0165 m2 for
the full and pilot scale systems respectively; c) the shape; being rectangular and circular for the full
and pilot scale correspondingly; and d) the material; being concrete and PVC for the full and pilot
scale respectively.

One of the units (FSW1) of the FSS started treating only sludge on a weekly basis, starting in
September 2013. Furthermore, recirculation of the percolated liquid to one of the two vertical
wetlands (FSW+R) for domestic sewage that was in resting period started in January of 2014 during
the execution of Phase 2. The operational conditions for the pilot-scale units (see further details in
item 3.3.2) were as follows:

PW1 same hydraulic loading rate (HLR) as the full-scale unit, but unplanted;
PW2 same HLR as the full-scale unit;
PW3 half the HLR of the full-scale unit;
PW4 double the HLR of the full-scale unit;
PW5 same as unit PW2, but with sludge recirculation onto itself;
PW6 same as unit PW2, but with worms.

The FSS and PSS were fed once per week by sludge transported in one truck (with maximum
capacity of 10m3).  The septic tank sludge was applied as a batch, and it came from different
companies in charge of emptying and discharging the effluent of septic tanks in the area, thus

CHAPTER 3
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presenting different characteristics in its composition. The remainder time of the week (six days)
was used as a resting period to allow digestion and dewatering of the accumulated sludge on the top
of the wetland units. All the volume in the truck was discharged into the full scale and pilot wetlands
units, and accurate control of the hydraulic and solids loading rates were not possible. Moreover, the
performance evaluation of the system was conducted through monitoring of physicochemical and
microbiological parameters of the influent and percolated septic tank effluent and plants monitoring.

The research was divided in two different stages; a general overview is presented in Figure 3-1.

Figure 3-1 Research overview
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3.2. Location and description of the research project
The study was carried out in the Centre for Research and Training in Sanitation (CePTS), of the
Federal University of Minas Gerais (UFMG) and the Water and Sanitation Company of Minas
Gerais (COPASA). The geographic coordinates of Arrudas WWTP are: 617.600 S latitude and
longitude W. 7.799.400. CePTS is inserted into Arrudas WWTP (see Figure 3-2), one of the

located near Belo Horizonte, Brazil, which is the
capital of Minas Gerais State (Cota, 2011).

Figure 3-2 Location of the center for research and training in sanitation (CePTS) UFMG-COPASA

The climate in the area according to the Köppen classification is Cwa tropical of altitude,
characterized by a dry season that extends from April to September, and a rainy season from October
to March. The average air temperature is 21°C (Lana, 2013).

This research for a master thesis was part of the second phase of the ongoing doctoral project
(Manjate, 2013) entitled "Behaviour Evaluation of Vertical Flow Constructed Wetlands for
Combined Treatment of Domestic Wastewater and Septic Tank Sludge", currently undertaken at the
Federal University of Minas Gerais (Belo Horizonte, Brazil). Also, this research is part of the broad
project entitled Stimulating Local Innovation on Sanitation for the Urban Poor in Sub Saharan

and Melinda Gates Foundation and coordinated by
UNESCO-IHE.

3.3. Experimental design
The experimental setup consisted of eight wetlands in total, two full scale and six on pilot scale.
Wetlands in both systems present different characteristics; a summary of these can be seen in Table
3-1.
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Table 3-1 Characteristics of experimental setup

Characteristics

FSS PSS

FSW1 (FS)
FSW2 or

FSW3
(FSW1+ R)

PW
1

PW
2

PW
3

PW
4

PW
5

PW
6

Wetlands planted with
Cynodon spp.

X X X X X X X

Wetlands with presence of
Earthworms

X

Wetlands with
Recirculation of the
percolated effluent

X X

Throughout the document, the analysis of obtained results will be mainly focused on Phase 2 of the
current research, in which both, PSS and FSS were run in parallel in order to evaluate their
performance when treating sludge from septic tanks for each of the conditions provided in the study.
Phase 1 was just the start-up of both systems with sludge application; results obtained in Phase 1 are
shown in Appendix A.

The presence of Cynodon spp., worms and recirculation of the percolated effluent at both scales was
evaluated through the weekly monitoring of parameters such as: TS, TVS, TBOD5, TCOD, and TKN
when applying different HLRs and SLRs.  These parameters were also analysed through statistical
mixed models.

The methodology of the mixed model as well as its explanation, model assumptions, the hypothesis,
the runs and model validation can be seen in detail in Appendix B.

3.4. Experimental Setup
3.4.1. Full Scale System
Characteristics of the System

Dimensions
In CePTS there was a system already conformed by three vertical flow constructed wetlands
(VFCW), built up in 2007 (See Figure 3-3).  These units correspond to the first stage of the French
system of VFCW as it is described in Molle (2005).

Figure 3-3 Full scale system (FSS) conformed by three VFCWs at CePTS
(Picture taken 04/10/ 2013; FSW2 was an unplanted control at that time and operating exclusively with

raw wastewater)
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The units were made in concrete, with rectangular shape and planted with Cynodon spp. Each
wetland had an area of 29.1 m2 and the following dimensions: width= 3.1 m, length= 9.4 m, filtering
medium height= 0.70 m and free border= 0.3 m (Lana, 2013).

Background

The VFCWs French system (composed of two stages) is the most common design found in France
for the treatment of raw wastewater for small communities.  The recommendations for these types of
systems are two stages of filters, one divided into three filters and the second one divided into two
filters.  First stage allows a significant removal of COD and TSS, in order to maintain aerobic
conditions within the filter bed and to mineralise the organic deposits resulting from the SS.  The
second one completes the treatment including nitrification (Molle et al., 2005).

The VFCWs system at CePTS comprises only the first stage of a typical French system (planted with
Cynodon spp.) and it was built according to the specifications and recommendations of the French
Institution Irstea (formerly Cemagref) detailed in Molle et al. (2005) cited by Cota (2011). The three
VFCW units identified in this study as FSW1, FSW2 and FSW3 are in operation since 2009 for the
treatment of sewage (after primary treatment) of the Arrudas WWTP. For this research, wastewater
application in FSW1was suspended in September 2013 since the sludge application started in that
unit.  Currently the FSW2 and FSW3 are performing alternately receiving wastewater in batch
periods supplied by automated sensors for periods of one week. The daily inflow of sewage was 13
m3 d-1 resulting in the hydraulic loading rate (HLR) of 13 m3 d-1 / 29.1 m2 = 0.45 m3 m-2 d-1.
Considering two units in operation for the treatment of raw septage (RS), the resulting total HLR of
the system was 0.22 m3 m-2 d-1.  The duration of batch periods was 3 minutes. The system was
designed for approximately 100 population equivalent.  The sewage distribution system is made of
PVC of 25 mm diameter with holes of 10 mm diameter (two lines).  The pipes are located at the top
of the filter bed as can be seen for FSW2 in Figure 3-3.

For the Phase 1 of this research, sludge application was performed weekly in FSW1.  Moreover, in
Phase 2, sludge application in FSW1 as well as recirculation of the percolated effluent of that unit to
FSW2 or FSW3depending on the unit that was in resting period at each week was executed.

Filtering medium

For the Full Scale VFCWs system, the filter media had 70 cm height in total and three different
layers, from the bottom to the top: coarse (15 cm), medium (15 cm) and fine gravel (40 cm).  The
characteristics of the filter media in each one of the VFCWs can be seen in Figure 3-4. The free
border of the unit is 30 cm.
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Figure 3-4 Cross section of each of three VFCW in FSS

Vegetation
Cynodon spp. was implemented in each of the VFCW units at CePTS, According to the Brazilian
experience (Cota, 2011), Cynodon spp. had shown better performance in terms of establishing an
uniform distribution on the surface area of the VFCW units compared to other plants such as Taboa
(Typha latifolia).  Furthermore, it has presented high tolerance to climate (high temperatures),
substrate conditions and its frequency of application. According to Cota (2011), the plant was able
to grow withstanding non-feeding periods with wastewater of four days during the starting period of
the research.

Before starting sludge application at full scale level, Cynodon spp. was pruned from the FSW1 (See
Figure 3-5).  Few weeks later, the plants grew up quickly covering the entire area of the filter.
Currently, the VFCWs system is fully planted with Cynodon spp. as shown in Figure 3-6.

Figure 3-5 Cynodon spp. in FSW1 at CePTS.
Starting Phase 1

(Picture taken 27/09/ 2013)

Figure 3-6 Full scale VFCWs system entirely
planted at CePTS During Phase 2

(Picture taken 29/01/ 2014)
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Drainage System
The drainage system at the bottom of the units (FSS) consisted of two perforated pipes of 100 mm
diameter with holes of 10 mm diameter spaced every 12 cm, located at the bottom of each filter
(Cota, 2011).

3.4.2. Pilot Scale System
Characteristics of the System

Dimensions
The pilot scale system (PSS) consisted of six units (PVC tubes) with an internal diameter of 146 mm
and one meter height. PSS has the same characteristics as the VFCWs in FSS but in a smaller scale,
which means less surface area.  The collection of the percolated effluent was done through some
openings at the bottom of the tubes. The columns had 14 openings of 5mm diameter equally
distributed (see Figure 3-7).

During the research period, the system was located next to the FSS in order to ensure the same
climate conditions.  Columns were placed on a wooden holder to collect the percolated effluent by
using buckets as shown in Figure 3-8.

Filtering medium
The filter medium kept the same height (70 cm) and the same material used to build the FSS as was
explained in item 3.4.1.  It had equal free border (30 cm).  The material used to fill the filter can be
seen in Figure 3-9 and in Figure 3-10.  Furthermore, the distribution of the material as well as some
other characteristics of the wetlands in PSS can be seen in Figure 3-11.

Figure 3-7 Adequate PVC tubes as VFCW units
in  PSS

(Picture taken 05/11/ 2013)

Figure 3-8 Six VFCWs in PSS
(Picture taken 12/11/ 2013)
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Figure 3-9 Coarse gravel in PSS
(Picture taken 12/11/ 2013)

Figure 3-10 Fine gravel in PSS
(Picture taken 12/11/ 2013)

Figure 3-11 Schematic design of the  VFCW set up in PSS

Vegetation
The vegetation planted was Cynodon spp., the same as the FSS (item 3.4.1). For the case of PSS, the
vegetation was taken from the FSW1 (Figure 3-12).  These plants were already exposed to the
sludge application since the construction of the pilot system was executed after the sludge
application started in the FSS.  Therefore, both pilot and full scale system were as similar as possible
and were ready to be compared when applying different solids loading rates.

In each of the pilot wetlands (PW2, PW3, PW4, PW5 and PW6) one seedling of Cynodon spp. was
planted (see Figure 3-13).
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Figure 3-12 Wetland vegetation extracted
from the FSS to be planted in PSS.

(Picture taken 12/11/ 2013)

Figure 3-13 Cynodon spp. seedlings planted in PSS
(Picture taken 12/11/ 2013)

When the vegetation was planted, wetlands started to be daily fed with wastewater from Arrudas
WWTP.  This procedure was done in order to facilitate adaptation processes and rhizosphere
formation before the sludge application started into the wetlands.  Three litres of wastewater were
applied in each of the pilot planted wetlands on a daily basis over a period of one month.  The daily
HLR applied was 0.83 m3 m-2 d-1.  Same procedures for the plants adaptation were done by Suntti
(2010).

As was observed for the FSS, plants grew up very fast in PSS, and covered the entire surface area
(Figure 3-14).

Figure 3-14 Plant growth in pilot wetlands during Phase 1
(Picture taken 10/12/ 2013)

3.5. Experimental Phases
3.5.1. Phase One (Start-up period with Sludge Application)
PSS was built up in order to reproduce the same conditions as the VFCW in a bigger scale (FSW1)
at CePTS.  The aim of the research was to evaluate different fixed HLRs, which in turn represented a
weekly variation of SLRs (due to different origins and characteristics of sludge from ST) in a small
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scale and to compare its behaviour in terms of the quality of the percolated effluent, plant growth,
nutrients concentration in plants and the sludge layer on the top of the wetlands as in a bigger scale.

In this study, the same HLR applied in both PSS and FSS is referred to the average HLR as in the
FSS, and other operational variations are the double HLR of average and half of it.  Further
description of each of the units and its operational conditions can be seen in Table 3-2.

Table 3-2 PSS treatment units

Treatment unit HLR description
PW1 Average VFCW Unplanted
PW2 Average VFCW Planted with Cynodon spp.
PW 3 Half VFCW Planted with Cynodon spp.
PW 4 Double VFCW Planted with Cynodon spp.

PW 5 Average
VFCW Planted with Cynodon spp. including sludge
recirculation of the filtered effluent (once)

PW 6 Average VFCW Planted with Cynodon spp. including earthworms

For the case of PW6, the amount of earthworms added to the PW6 was calculated as recommended
by Munroe (2007) between 5 and 10 kg/m2. The wetlands area is 0.0165 m2, which means that the
amount of earthworms should be between 83 and 165 g. The amount added was 90 g.  Earthworms
were provided by the research center operator.

The Phase 1 corresponded to the starting period in which the sludge application from septic tanks in
the FSS took place.  This phase was carried out from September 27 up to December 23 of 2013,
corresponding to a period of three months approximately. Moreover, the pilot system started to be
built to comply with same physical description than FSS.  In Table 3-3, the sludge application
frequency for each of the systems as well as its quality monitoring are described.

Table 3-3 Septic tank sludge application and quality monitoring during Phase 1

Day Date
Sludge Application Quality Monitoring

FSS PSS FSS PSS

1 27-Sep-2013 X

2 11-Oct-13 X

3 18-Oct-13 X

4 29-Oct-2013 X

5 05-Nov-2013 X X

6 12-Nov-2013 X X

7 19-Nov-2013 X X

8 26-Nov-2013 X X

9 03-Dec-2013 X X

10 11-Dec-2013 X X

11 19-Dec-2013 X X X X

12 23-Dec-2013 X X X X

For Phase 1, only for the two final weeks was possible to apply the sludge in both of the systems due
to the PSS was being constructed and adapted with wastewater application while the plants were
growing enough. During the first five weeks, the sludge application into FSS had not quality
analysis.  The quality monitoring started just at the beginning of November for the inlet and outlet of
the FSW1 in FSS.  The physicochemical and microbiological parameters were measured at the
Environmental Physicochemical and Microbiological Laboratories at UFMG.
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3.5.2. Phase Two (Sludge Application and Quality Monitoring in FSS and PSS)

For Phase 2, the purpose was to evaluate different HLR (same as shown in Table 3-2) in a pilot scale
and to make a comparison with the performance of the FSS but for a longer period, expecting that
PSS can be stabilised and reach approximately same performance as in a FSS.

In Table 3-4, the sludge application frequency for each of the systems as well as its quality
monitoring in Phase 2 are described.

Table 3-4 Septic tank sludge application and quality monitoring in Phase 2

Day Date
Sludge Application

Recirculation of
percolated effluent

Quality Monitoring

FSS
(FSW1)

PSS
FSS+R (FSW1 +
FSW2 or FSW3)

FSS PSS

1 08-Jan-2014 X X X X

2 15-Jan-2014 X X X X X

3 22-Jan-2014 X X X X X

4 29-Jan-2014 X X X X X

5 05-Feb-2014 X X X X X

6 12-Feb-2014 X X X X X

7 19-Feb-2014 X X X X X

8 26-Feb-2014 X X X X

9 12-Mar-2014 X X X X

For this phase, specifically during three weeks was impossible to perform the recirculation of the
sludge due to malfunction of the pump.

In Phase 2, more parameters than in Phase 1 were measured at the inlet and outlet of both systems in
order to have more data regarding the sludge characterization and the results after the treatment.
Parameters measured are described in item 3.7.

3.6. Septic Tanks Sludge Application
3.6.1. Full Scale System

The sludge applied in the FSW1 came through trucks as is shown in Figure 3-15.  The frequency of
the sludge application was one truck per week.
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Figure 3-15 Sludge application from different companies in FSS at CePTS

Due to difficulties establishing a sludge supply agreement with a unique company in charge of
emptying and discharging sludge from septic tanks in the area, the research group agreed with
COPASA to take the sludge from the first truck with domestic sludge origin that arrived each
Wednesday (along the research period) to Arrudas WWTP.  As a normal procedure, these trucks
discharge the sludge in Arrudas WWTP and pay a tariff for it, instead of that, the sludge from one
truck was disposed once per week into VFCWs at CePTS.  The maximum capacity of these trucks is
10m3 (but typically 8m3).

Along the experiment, the sludge came from several septic tanks that treat the wastewater of some
communities nearby the city of Belo Horizonte. Furthermore, the sludge came from different
companies in the surrounding area such as: Minas Limpias, Puntual, JM, Trevo and Betel.
According to that, the sludge had different origins, likewise different characteristics in its
composition each week which provided real conditions to the experiment.  Some of the different
sludge characteristics can be seen in Figure 3-16.
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Figure 3-16 Different septic tank sludge characteristics such foam, inorganic material and variety
of solids

No strict control of the HLR and SLR was possible due to the diverse sludge origin (location and
Supplier Company). The sludge volume applied was not an exactly value but an accurate value.
The volumes could have been a little bit lower or even higher according to the information was

in a visual manner (see Figure 3-17) to ensure that was approximately the intended volume applied.

On the other hand, we did not have the equipment which allows being in the field knowing the
amount of suspended solids; that is why the experiment was uniquely based on keeping fixed
conditions of HLR as was explained in item 3.5 and could not be based on keeping fix SLR.

Figure 3-17 Volume measuring device of the sludge truck
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The sludge was applied as a batch into VFCWs (always FSW1 and FSW2 or FSW3 in the case of
recirculation was executed) and the remainder of the week was used as a resting period to permit
digestion and dewatering of the accumulated top sludge. All the volume in the truck was discharged
into the full scale, and a small portion of it was discharged into the pilot wetlands units.
Performance evaluation of the system was conducted through monitoring of physicochemical and
microbiological parameters (see item 3.8). A thorough analysis was done based on different
operating conditions in each of the wetlands.

3.6.2. Pilot Scale System
Before sludge application into pilot wetlands (Figure 3-18 and Figure 3-19), sludge coming from the
truck was collected in a representative way.  A sample was collected in buckets from the starting,
middle and ending of the discharged volume and then well mixed prior to application in PSS.

Figure 3-18 Sludge collection for PSS Figure 3-19 Sludge application in PSS

The amounts of sludge to be applied in PSS were based on HLR; therefore these conditions were
determined by the amount of sludge to be applied into the FSS, which in turn depended on the
volume of each truck with sludge from septic tanks that came weekly to CePTS. Truck volumes
were typically 8 m3 during Phase 1 and 10 m3 during Phase 2, however sometimes the volumes were
lower or higher than this during both phases of this research, reaching values as low as 3.5m3 and as
high as 10m3.

A calculation based on sludge volume was done in order to ensure that HLR applied for the FSS was
the same as for the PSS.  This calculation was done depending on the volume received each week.
The HLR was calculated as follows in the equation:

Average HLR = Volume of sludge truck (m3) = 0.275 m3 m-2 week-1

FSS Area (m2) * 1 week

Where:
Volume of sludge Truck = the entire volume of the sludge truck.  The values were from 3 m3 up

to 10m3

FSS Area = Full scale wetland area is 29,1m2

The calculated HLR applied in PSS (according to different sludge volumes from the trucks) was
extrapolated to the pilot wetland area (0,0165 m2) as is shown in Table 3-5.
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Table 3-5 Average HLR to be applied in PSS depending on volume of sludge trucks

Volume of Sludge
Truck m3

Average HLR (L)
(*)

Half HLR (L)
(**)

Double HLR (L)
(***)

10 5.7 2.8 11.3

9 5.1 2.6 10.2

8 4.5 2.3 9.1

7 4.0 2.0 7.9

6 3.4 1.7 6.8

5 2.8 1.4 5.7

4 2.3 1.1 4.5

3 1.7 0.9 3.4

2 1.1 0.6 2.3

1 0.6 0.3 1.1
(*) Amount to be applied in PW1, PW2, PW5 and PW6; (**) Amount to be applied in PW3; (***) Amount to be applied in PW4

For the typical conditions of 8 m3 in Phase 1 and 10 m3 in Phase 2 respectively, 29.4L and 37.1L
were needed in total to be applied in all pilot wetlands according to the operational conditions
explained in item 3.5.1.

3.7. Sampling Procedures
3.7.1. Sludge Collection from the Truck
The sludge from the truck was grabbed in a representative way using buckets at the starting, middle
and ending time of the volume discharged through monitoring of the devices in the truck (see Figure
3-20).

Figure 3-20 Sludge collection before application in PSS

The collected sludge was well mixed in a larger container.
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3.7.2. Filtered Septic Tanks Sludge Collection in Full Scale System
The filtered effluent from the FSW1 was subsequently released into a chamber (see Figure 3-21)
where the samples for quality monitoring were grabbed.

Figure 3-21 Chamber to collect the percolated liquid in the FSS

For the Phase 2, in which recirculation at full scale level was implemented, the system was operated
as it was explained before; however the percolated effluent was pumped from the FSW1 collection
chamber to the wetland that in each particular week was in the resting period, alternating between
FSW2 and FSW3 respectively.

The equipment used for recirculation at full scale system can be seen in Figure 3-22.

Figure 3-22 Recirculation equipment to collect percolated liquid in the FSS

Due to the high volumes, collection of the percolated effluent for application and recirculation of the
sludge were done in the same way.  Samples for laboratory analysis were collected in the chambers
using buckets.  Since the moment the percolated sludge started to came out into the chamber it was
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timed, and then collected 3 L of sample in the first 10, 20 and 30 minutes in order to get a composite
sample (see Figure 3-23). At the end, just a volume of 1.5 L was packed in plastic containers to be
analysed later.

Figure 3-23 Collection of percolated effluent in  FSS, aliquots to get a
composite sample

After collecting the samples in each of the chambers, the remaining volume was incorporated to the
conventional treatment of Arrudas WWTP.

3.7.3. Filtered Septic Tanks Sludge Collection in Pilot Scale System
The percolated effluent from the pilot wetlands was collected for quality monitoring by using
buckets as shown in Figure 3-24. A system with funnels and hoses allowed an easier way to collect
the effluent.

Figure 3-24 Collection of percolated effluent in pilot wetland systems

The samples of the percolated effluent in PSS were collected after reaching about a 90% of the total
applied volume.  Depending on the sludge characteristics (very or slightly diluted), this procedure
may have lasted around 30 up to 60 minutes.

There was not an exact schedule for the gathering of the samples of the FSS and PSS, however in
most of the cases sludge collection was held in a range from 9 to 12 hours in the morning.  The
samples were packed in plastic recipients.
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3.8. Quality monitoring of sludge from septic tanks and
effluents after treatment

The quality monitoring was realized for influent and effluent in FSS and PSS respectively.  The
parameters were measured once per week for physicochemical and microbiological parameters.  The
parameters evaluated in the field were: Temperature (T), and Dissolved Oxygen (DO) (See Figure
3-25).

Figure 3-25 Equipment used for measurements in the field

The rest of the parameters were measured in the laboratories of the Department of sanitary and
environmental engineering (DESA) from UFMG, such as: Total Kjeldahl Nitrogen (TKN), Total
Solids (TS), Volatile Solids (VS), Chemical Oxygen Demand (COD), Biological Oxygen Demand
(BOD5) and E. coli. The analyses were conducted according to the Standard Methods
(APHA/AWWA/WEF, 2005).

The parameters measured weekly for all the samples collected in Phase 1 and Phase 2 of this
research and their analytical methods are shown in Table 3-6.

Table 3-6 Physicochemical parameters evaluated at Phase 2, methodology and analysis frequency
Parameter Unit Analytical Method Phase 1 Phase 2

pH Units Potentiometric X X
Temperature °C Determined with

pHmeter
X X

Dissolved Oxygen mg O L-1 Electrometric X X
Total Solids (TS) mg L-1 Gravimetric X X
Total Volatile
Solids (TVS)

mg L-1 Gravimetric X X

Total Chemical
Oxygen Demand
(TCOD) (*)

mg L-1 Closed reflux X X

Total Biochemical
Oxygen Demand
(TBOD5)

(*)
mg L-1 Respirometric X

Total Kjeldahl
Nitrogen (TKN)

mg L-1 Semi-Micro digestion
Kjeldahl - Titulometric

X

E. coli MPN/100mL Colilert X X

(*) Laboratory analysis were done without filtering samples

Weekly, the incoming sludge from ST to be applied in FSS and PSS, the filtered effluent of the
FSW1, the recirculated effluent of FSW2 or FSW3 (depending of the resting period) and the
percolated effluent for each of the six pilot wetlands were the total (9) of samples collected (see
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Figure 3-26)..  In cases when recirculation could not been applied in FSS samples were reduced from
9 to 8.

Figure 3-26 Plastic containers to collection of physicochemical and microbiological parameters

Sometimes, due to the large amount of samples to be analysed in the same day of the collection, they
were preserved and refrigerated as determined in Standard Methods for the examination of water and
wastewater (AWWA / APHA / WEF, 2005).

Obtained results for TS, COD and BOD5 were compared with values regulated to discharge into
water bodies according to Federal legislation (Environmental Policy Council of Minas Gerais and
Water Resources State Council) of Minas Gerais State in Brazil (COPAM / CERH MG n°
01/2008).  This regulation provides the classification of water bodies and environmental guidelines
establishing the conditions and standards for the effluent discharges, among other measures.

3.9. Plants monitoring
3.9.1. Height and Density
The height measurement of the plants was made considering the main sheet of the plants in PSS and
FSS respectively.  In FSS, measurements were done in three designated areas along the length of the
unit (FSW1), and in PSS were measured for the whole area every month.

The density of the plants was evaluated at the end of the experiment for a selected area of 1 m2 in
FSS, in which also was made the biomass collection.  The density of the plants was also counted in
each pilot unit.  For this procedure, it was taken into account that each plant corresponds to one
individual, as was mentioned by Ferreira (2005) cited by Suntti (2010).

3.9.2. Biomass
At the end of the experiment (end of the Phase 2) a unique collect of biomass was done in FSW1 as
well as in the five out of the six pilot wetlands.  The collection was done one week after the last
sludge application (See Figure 3-27 and Figure 3-28).

Removal of the macrophytes was done in a different way for each of the systems.  In FSS, three
regions were selected due to the big length of the unit:  The areas selected had 1 m2 each and three
areas were designated along the length of the unit.



Performance Evaluation of a Vertical Flow Constructed Wetland for Treatment of Sludge From Septic Tanks 42

Figure 3-27 Sampling biomass in FSS

Figure 3-28 Sampling biomass in PSS

For the FSS, the pruning regions were selected using a frame made of PVC of 1 m2, which was
launched randomly in each of the three sections above mentioned. The plants inside the frame were
cut off close to the ground trying to leave around three centimetres of the plant height.  Same
procedure was done for the pilot units, but in this case all the plants of the wetlands were cut off.
The collected biomass for each quadrant and for each of the pilot units was packed in plastic bags
indicating which point they were collected and transported to the laboratory at UFMG to be weighed
and then analysed.

In the laboratory, the macrophytes were dried in a stove at 60ºC for 72 hours according to Pompeo
(2009) cited by Suntti (2010).  See Figure 3-29.

Figure 3-29 Dry macrophytes characteristics for PSS and FSS

The procedure was done in order to quantify the dry weight of the biomass, calculated per unit area
(g/ m²).
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3.9.3. Nutrients concentration
The amount of nutrients concentration absorbed by the plants (Cynodon spp.) was determined at the
end of Phase 2 of this research according to the procedures described in Silva (2009) by measuring
Total Nitrogen, Total Phosphorus, Sodium and Potassium.

For determination of nutrients concentration, separated equal aliquots of macrophytes from the FSS
(FSW1) and PSS (PW2, PW3, PW4, PW5 and PW6) after drying and grinding processes were
utilized.  The samples were packed and transported due to the analyses were done in the city of
Viçosa at the Department of agricultural and environmental engineering of the Federal University of
Viçosa located in Minas Gerais state. The plants had a procedure with acid digestion. The results
obtained of this procedure were compared with the literature.

3.10.Sludge Monitoring
The height of the sludge in both, FSS and PSS was measured at the end of the Phase 2 in order to
have a control of the accumulated sludge on the top of the wetlands also called deposit layer. At the
end of the Phase 2, the sludge was analysed in order to check the percentage of volatile organic
matter (TVS), water content (WC) and total Solids (TS) (see. Figure 3-30).

Figure 3-30 Sludge sampling

The procedure followed was the one proposed by Kiehl (1985) cited by Suntti (2010).  The TS and
WC were calculated using gravimetric method and drying the samples during 24 hours at a
temperature of 105°C.  Subsequently, the TVS were calculated after one hour at 550°C.

3.11. Statistical Analyses
3.11.1. Phase One
A descriptive statistics analysis using Microsoft Excel was performed on the results of quality
monitoring obtained during the two phases of this research. Dixon
identification and rejection of outliers for parameters like TS, VS, COD and BOD.

3.11.2. Phase Two
Same descriptive statistics as in Phase 1 was used. For the Phase 2, an ANOVA's test based on
models with random effects or Mixed Models was done with the purpose of analyse the comparison
of the performance of the units for removal of physicochemical parameters. The statistical analysis
was done using the software R, through the library nlme. The analysis was run with a confidence
level of 95%.  See Appendix B.
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4.1. Phase 1 Starting period with sludge application
4.1.1. Septic tank origin and physicochemical characteristics

The physicochemical characteristics of the sludge from septic tanks (STs) or raw septage (RS) and the
results of it after passing through the wetland FSW1 in FSS were obtained for Phase 1. The synthesis of
the results of the quality monitoring during the start-up of the experiment (Phase 1) is presented in Table 4-
1 for pH, T, DO, TS, TVS and TCOD.  More data for the parameters were evaluated at this stage through
an analysis based on descriptive statistics, which can be found in Appendix A.

Table 4-1 Summary of results of measured physic-chemical parameters in Phase 1

Parameter
FSS

Raw Septage FSW1
pH Units 7.4 6.7
T °C 27.5 28.3
DO mg L-1 0.3 5.1
TS mg L-1 3,422 1,673 (34%)
TVS mg L-1 1,657 922 (13%)
TCOD mg L-1 2,649 1,175 (57%)

Note: Data in parenthesis correspond to removal efficiency of the parameter based on median efficiencies values

Even though sludge application in FSS took place since the end of September 2013, it was just in
November 2013 when the analyses started to be monitored and evaluated. In general, it was observed
along Phase 1 that the volume of sludge from ST could vary from week to week in terms of quantity,
quality and its origin, however, majority of the times it presented domestic characteristics and an amount
(volume) of ST sludge applied of 8m3.  A form in which the information regarding the effluent was
provided as well as the company responsible for the collection and transport of the sludge effluent received
at CePTS can be seen in Appendix C.

In general terms, results obtained for solids (TS) were more diluted than reported in literature, as a
consequence, SLRs applied were lower than that recommended by Koottatep et al. (2001), who found an
optimum performance reaching good removal efficiencies with a SLR of 250 kg TS m-2 year-1.  As a result,
the applied SLRs for the fixed operational conditions in this study along Phase 1 were 25, 50 and 101 kg

CHAPTER 4
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TS m-2 year-1for the three conditions: half, average and double of the HLR (as explained in item 3.5.1) and
were much lower than those reported in the international literature.

Regarding organic matter (OM), TCOD median value of RS obtained was 2649 mg L-1. Literature shows a
wide variation in relation to the organic matter content of the incoming sludge from ST. Some authors
have reported very different values for TCOD.  Authors like Koottatep et al. (2004), Tachini et al. (2006),
Suntti et al. (2011) and Ratis (2009) have found 15.700; 23.835; 14.666 and 3.549 mg L-1 respectively in
the RS.  The values attained in this study were lower than normally reported in literature for this type of
sludge.

In short, sludge from the ST in Phase 1 was more diluted than expected and reported by international
scientific literature, leading to low removal efficiencies.  However, it is important to mention that the
variation of ST sludge presented along this study reproduced real local conditions in the field at a full scale
treatment unit.  In Phase 2, a comparison on the performance of FSS and PSS in regard with the removal of
more physicochemical parameters was done during a longer monitoring period for several conditions.

4.2. Phase 2 - Sludge application and monitoring in FSS
and PSS

4.2.1. Septic tank origin

The weekly origin of the sludge from septic tanks (STs), as well as volumes applied along Phase 2 of the
experiment can be observed in Table 4-2.

Table 4-2 Septic tank sludge origin and volume received during Phase 2

Data Sludge characteristics
Volume of

sludge from
septic tank (m3)

08-Jan-2014 Household 8

15-Jan-2014 Household 8

22-Jan-2014 Townhouses 10

29-Jan-2014 Townhouses 10

05-Feb-2014 Bakery 8

12-Feb-2014 Townhouses 10

19-Feb-2014 Townhouses 8

26-Feb-2014 Two houses 10

12-Mar-2014 Townhouses 10

In Phase 2, PSS and FSS were operated in parallel during nine weeks.  While the volumes of sludge from
STs or RS applied in FSS are displayed in Table 4-2 , applied HLRs in PSS were calculated based on these
volumes, as was mentioned and tabulated previously in item 3.6.2. More parameters were measured in
Phase 2 for quality analysis of the incoming sludge and effluent characteristics after treatment in the
wetlands than in Phase 1.

Sludge volume from STs varied in terms of quantity on a weekly basis, presenting sludge median values
equal to10 m3; however, along the research it was of domestic origin.
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4.2.2. Physicochemical parameters
The physicochemical characteristics monitored during Phase 2 are presented and analysed in this item.  The
analyses of results are based on descriptive statistics for all parameters as well as on mixed models, in order
to make a comparison of full and pilot scale systems.  The medians, percentiles (10%, 25%, 75% and 90%),
minimum and maximum values for each of the parameters were obtained for both systems and are shown in
the figures below.  In this phase, parameters such as pH, T, DO, TS, TVS, TCOD, TBOD5 and TKN were
measured.  Furthermore, recirculation at full-scale level was implemented and evaluated.

4.2.2.1 pH, temperature (T) and dissolved oxygen (DO)
The pH, T and DO were measured for the Phase 2. The medians, percentiles, minimum and maximum pH
values were obtained for both systems and are shown in Figure 4-1.

For the RS, the pH values varied from 5.8 up to 7.6; the median value was 7.2.  pH values of RS are
consistent with those reported in scientific literature; some authors found similar values, for instance in
Asia, Koottatep et al. (2001) found for raw septage a range between 6.7 to 8.0 with a mean value of 7.5;
Arquier (2006) in Argentina obtained a range from 7.4 to 8.3 with mean value of 7.8; in the case of the
Brazilian context, Ratis (2009) found a median value of 6.7 ; Tachini et al. (2006) obtained a mean value of
6.8 and Suntti (2010) obtained median values of 7.2 and 7.4 for two stages of her research.  The pH value
found for the RS indicated that in general it was a fresh septage (Jordão & Pessôa, 2005 cited by Suntti
2010).

The pH of sludge from STs normally ranged from 6.5 to 8.0, however it can vary significantly from 1.5 to
12.6 (USEPA, 1994 cited by Niwagaba et al., 2014).  A value less than 6.5 for the RS was obtained in
Phase 2 just one time (value of 5.8), when it was supposed to have been from a domestic origin. A pH
outside the range of 6 to 9 indicates an upset in the biological process in STs (inhibition of anaerobic
digestion and methane production).  This variation can be attributed to a change in the HLR, the presence
of toxic substances, an increase in organic loading rates (OLRs), or that STs are receiving other types of
wastewater such as industrial wastewater or commercial wastewater (Niwagaba et al., 2014). Normally,
the companies in charge of transporting and disposing the sludge from STs do not have a strict control of
the characteristics of the incoming influent, which probably may occur in several cases in developing
countries.  The typical sludge from ST may contain the normal constituents for wastewater, but there might
be some other substances (from farm industries or commercial activities) that can affect the quality of water
bodies in charge of receiving the sludge (when it happens directly) or can affect also the treatment system
when these influents are mixed previously with wastewater.

In FSS, median values obtained of pH were 7.2, 6.9 and 6.8 units for RS, FSW1 and FSW1+R respectively.
In PSS, values found were in the range from 7.3 to 7.4 for all the pilot wetlands.  A slight decrease in the
pH was noticed for FSS, while a small increase was observed in all the pilot wetlands.
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a)

b)

c)

Figure 4-1 Box plot with median, percentiles (10%, 25%, 75% and 90%), minimum
and maximum values of pH (a), T (b) and DO (c) for FSS and PSS during Phase 2

According to Kadlec and Wallace (2009a), pH decrease is related to the interactions between the substrate
and the biofilm that can take place in the filter media, which in turn means nitrification due to the
consumption of alkalinity.  The microbial activity and the organic matter content of the septage as a carbon
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source are consumed by nitrifying bacteria, originating a decrease of this parameter.  In addition, it is
important to mention in the case of FSS, that the wetlands have been operating for years, reaching a very
important microbial consortium formation.  For the case of PSS, that behaviour was not observed in Phase
2, because it was a system that was recently constructed in which there was a short time to acclimatize to
septage conditions.

Although in this study only TKN was measured and no other forms of Nitrogen in order to evaluate its
conversion before and after the septage treatment in the wetland units, it can be said that probably
nitrification could have been presented in FSS despite the fact that the system operated at free drainage
(FD) conditions with high volumes of septage and short HRT.  This assumption is based on the fact that the
nutrients and organic material which are found in septage are absorbed and degraded by the dense
microbial populations attached to the surface of the filtering medium and the roots of the vegetation.  These
microbial populations are mainly aerobic bacteria that are consolidated due to the oxygen transfers through
the vegetation to the root zone. Moreover, Paul & Clark (1996) cited by Vymazal (2007) reported that
optimum pH values for nitrification can vary from 6.6 to 8.0, although acclimatized systems can be
operated to nitrify at lower pH values.  Values found for this parameter in this study are in the range for
favouring the nitrification processes.

For the case of PSS, decrease in pH was not observed, on the contrary it increased.  PSS had just one month
of acclimation to the RS, which makes it difficult for the nitrification processes to occur at the same time.
According to Kadlec et al. (2000) the start-up of new wetlands systems comprises the filling and planting
of the wetlands in a period which the medium, plants and microbes are adapting to the hydrological
conditions in order to adjust to new water chemistry. Recently built systems require more time to adapt to
septage conditions, which in this study was reflected in the non-existent or limited consume of alkalinity in
the pilot system. CWs typically require a few months for the vegetation and biofilm establishment but
complete root-rhizome development can take from three to five years, which is the main reason which
could explain the differences among both systems.

The temperature values obtained in Phase 2 are shown in Figure 4-1.  For FSS, the T median values were
27.6, 27.5 and 26.5°C for RS, FSW1 and FSW+R respectively.  On the other hand, for PSS, T median
values found varied from 27.3 up to 28.4°C in the pilot units.  In general terms, it can be said that there
were no differences in this parameter after RS had passed through the wetland units.  For both systems, the
T values are in the range that favoured biological processes according to Vymazal (2007), which goes from
25 to 35°C.

The DO results were measured in the field in the RS as well as at the outlet of each of the units.  DO values
for FSS and PSS are shown in Figure 4-1.  In Phase 2, DO values of the RS ranged from 0.2 to 3.4 mg L-1,
with a median value of 1.2 mg L-1. Median values of 3.6 and 4.1 mg L-1 found for the FSW1 and FSW1+R
are three times higher than in RS, showing the benefit in terms of oxygenation that VFCWs provides.
Recirculation increases the concentration at the end of the treatment but not very significantly when
compared to FSW1.  On the other hand, regarding the pilot wetlands, there was also an increasing
behaviour of DO in the percolated effluent, reporting median values in the range from 4.5 up to 5.9 mg L-1

for all the pilot units.  Higher concentrations of DO were obtained in all PWs compared to FSWs, this
behaviour can be explained due to the oxic conditions provided by VFCWs.  Similar performance was
found by Ilyas (2013) in a VFCW for a system fed by domestic wastewater under low to high strength and
with filling and draining conditions (F&D), reaching DO concentrations at the outlet of the system two
times higher than the incoming effluent.

According to Nivala et al. (2013), processes such as atmospheric diffusion can be significant in unsaturated
VFCWs, the rate of plant-mediated oxygen transfer may not be high enough but may indirectly affect
treatment processes by changing the microbial community within the wetland bed, but oxygen transfer at
the water-biofilm interface provides substantial improvement of subsurface oxygen availability in VFCW
when compared to HSSF designs.
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The application of intermittent dosing in VFCWs enhances the oxidative status of the filter as it promotes
transfer of oxygen into the unsaturated zone (Pandey et al., 2013).  The air has an opportunity to enter the
bed from both the top and the bottom, and contact the biofilm between each loading event (Nivala et al.,
2013). DO  results in this study can be also a bit overestimated in all cases, because samples were
collected in the discharge point after treatment in each of the wetlands, which can caused an complimentary
oxygenation, thus altering DO concentrations.  However, Vymazal (2010) affirmed that VFCWs are far
more aerobic than HFCWs and provide suitable conditions for nitrification to take place.

4.2.2.2 Solids Loading Rate (SLR)

Figure 4-2 shows the applied SLR for FSS and PSS respectively during Phase 2 of this experiment.  The TS
values were obtained in laboratory after sludge application took place.  The loads for both systems were
obtained taking into account the amount of TS and HLR, as was explained in item 3.6.2.  Along Phase 2,
CWs were weekly operated at very different SLR, due to the different septage origin.  Furthermore, no
strict control of HLR and resulting SLR applications were possible in the field, due to the devices on the
trucks used to measure the sludge volume were not precise.

Figure 4-2 Variation an median values of applied SLR along Phase 2

During Phase 2, FSW1, PW1, PW2, PW5 and PW6 respectively, the median value of SLR applied was 12
kg TS m-2 year-1; minimum and maximum SLRs applied were 10 and 172 kg TS m-2 year-1respectively.
For PW3, the median value of SLR applied was 5 kg TS m-2 year-1, with a minimum and maximum SLRs
of 5 and 86 kg TS m-2 year-1 respectively, and last, for PW4 the median value of SLR was 22 kg TS m-2

year-1 with a minimum and maximum from 20 to 344 kg TS m-2 year-1.

The median values of SLR applied were 5 times lower than those evaluated in Phase 1.  SLRs applied in
that phase were 25, 50 and 101 kg TS m-2 year-1 for the three HLR fixed conditions.  However, in Phase 2,
during two weeks, higher SLRs applied (in PW4) reached values of 251 and 344 kg TS m-2 year-1 as can be
seen in Figure 4-2.  For the rest of the applications, SLRs values were lower than 36 kg TS m-2 year-1.

Septage or FS studies held in planted VFCWs, suggest different optimum values of SLR; however, all of
the authors indicated optimal SLRs much higher than those found in Phase 2 of this research.  For instance,
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Kengne et al. (2009) evaluated FS application in VFCWs planted with E. pyramidalis at loading rates of
100, 200 and 300 kg TS m-2 year-1.  They found that at SLRs of 100 and 200 kg TS m-2 year-1, the system
performed well for the solid-liquid separation and removal efficiencies ranged from 77%-95% for NH4+,
TSS, TS, TKN and COD, respectively.  At a higher SLR the beds frequently clogged, sometimes with
water hanging on the top of beds for more than a week.  The FS application onto the wetlands in this case
was once a week.

On the other hand, after seven years, experimental results with septage in CWs obtained from Koottatep et
al. (2004) suggested an optimum operation condition of 250 kg TS m-2 year-1 (or constant volume loading
of 8 m3 week-1) as an optimum SLR with 6 days percolate impoundment.  The authors also evaluated SLRs
of 80, 125, 160, 210, 220, 240, 260 and 500 kg TS m-2 year-1 fluctuating sludge frequency application (once
or twice per week) and impounding conditions of 0, 2, 6 and 12 days. The removal efficiencies attained
under the optimum operation condition in VFCWs planted units with Typha augustifolia ranged from 80 to
96% for COD, TS and TKN.  Moreover, the clogging phenomena was not observed under this optimal
value of SLR along their research and percolate flow remained entirely unimpeded.

In addition, Troesch et al. (2009) carried out experiments on eight pilot-scale drying reed beds planted with
Phragmites australis. The study focused on the commissioning period (first vegetative year) with a loading
rate of 30 kg SS m-2 year-1.  They recommended a maximum of 3 days feeding period, 20 days of rest and 6
beds without risk of reeds wilting in summer.  The percolated was still concentrated and needed a suitable
complementary treatment before final disposal.  However, removal rates were higher than 88% for COD,
SS and TKN respectively.

Kuffour et al. (2010) evaluated dewatering of strongly concentrated faecal sludge by using unplanted
drying beds (with equal coarse and fine gravel and three different particle sizes of sand on the top).
Average TS, TVS and SS values in the percolates were all beyond permissible levels; however, the filter
media was able to dewater the FS by applying SLR from 217 to 360 kg TS m-2 year-1 in six cycles of 10, 10
and 9 days respectively.

In general, the sludge from ST in this study was more diluted than reported in literature, where normally
there are controlled factors at the inlet of the systems.  For the typical conditions of ST sludge application
in this research, in Phase 2 (10 m3 week-1), values of SLR (in kg TS m-2 year-1) were 17 and 21 times lower
than those recommended by Kengne et al. (2009) and Koottatep et al. (2004) respectively.  Too low
loading rates applied, led to a regular pollutants removal efficiencies since their concentrations were greatly
diluted.  Efficiencies achieved by Koottatep et al. (2004), Kengne et al. (2009) and Troesch et al. (2009) in
their local conditions are much higher; however, pollutants concentration in septage have no point of
comparison with concentrations found in this study.

According to von Sperling (2007), median concentration values for all the parameters in Phase 2
corresponded instead to sludge, to a typical domestic wastewater in developing countries; however during
some weeks of the research period, the characteristics of the incoming sludge were much different than
those for wastewater. This issue was noticed at CePTS from visual observations due to its physical aspect
(very dark color, amount of solids, strong odor) and then at the laboratory.

These situations may occur due to sometimes the ST (or pit) requiring more than one trip of 8 or 10 m3

from trucks with the aim to evacuate all the FS inside of it, and then many discharges must be executed for
the case of a large ST, as it is normally the situation for townhouses. Under these circumstances, the
withdrawal of sludge can be done using various trucks at their maximum capacity, as was confirmed by the
sludge officers of the companies that provided us with sludge from ST for this research. Thus, diluted
characteristics of RS might be associated to the suction of the supernatants of these ST.  Similar findings
were obtained by Tachini et al. (2006).
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Normally FS removed by pumping is generally less viscous and more diluted than the manually collected.
Niwagaba et al. (2014) indicate that the FS method collection also can influence the characteristics of the
sludge from ST.  When FS at the bottom of the thanks is too thick to pump, or if the pump is not strong
enough to remove it, only could be collected if it is manually emptied or if water is added aiding to
decrease its viscosity.  Whatever the causes of the diluted FS, must be said that there are still significant
gaps with regard to good collection method and transport practices of it.

4.2.2.3 Solids (TS and TVS)
The TS values for FSS and PSS were obtained in the laboratory after sludge application onto the wetlands.
Table 4-3 show the results for TS and TVS concentrations while Figure 4-3 shows the TS and TVS
removal efficiency obtained in Phase 2 of this study.

Table 4-3 TS and TVS concentration values for FSS and PSS during Phase 2

Parameter
Descriptive

statistics

FSS PSS

RS FSW1 FSW1+R PW1 PW2 PW3 PW4 PW5 PW6

TS (mg L-1)

Number of data 9 9 9 9 9 9 9 9 9

Mean 2860 750 883 995 712 994 757 732 867

Median 706 612 676 705 600 733 610 622 689

Minimum 583 513 596 496 513 556 472 500 644

Maximum 12031 1473 1486 3329 1210 3037 1483 1141 1814

Standard deviation 4354 343 388 892 258 801 335 232 393

TVS (mg L-1)

Number of data 8 8 5 8 8 8 8 8 8
Mean 2351 381 447 518 379 568 400 353 456
Median 377 264 280 311 298 295 304 291 298

Minimum 164 201 210 181 212 229 167 174 247
Maximum 9259 937 905 1942 742 2082 999 718 1206
Standard deviation 3759 258 295 590 192 634 277 199 330

a)
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b)

Figure 4-3 Box plot with mean, median, percentiles (10%, 25%, 75% and 90%), minimum and
removal efficiency values (a) for TS and (b) for TVS in PSS and FSS for Phase 2

Due to the high variability of RS, large differences among mean and median values were observed.  Thus,
medians were considered because they are better for representing data for such disperse values of RS. TS
median concentrations found were 706, 612, 676, 705, 600, 733, 610, 622 and 689 mg L-1 for RS, FSW1,
FSW1+R, PW1, PW2, PW3, PW4, PW5 and PW6 respectively. For the TVS, median concentrations
obtained were 377, 264, 280, 311, 298, 295,304, 291 and 298 mg L-1 for RS, FSW1, FSW1+R, PW1, PW2,
PW3, PW4, PW5 and PW6 respectively.

Koottatep et al. (2004), Tachini et al. (2006), and Suntti et al. (2011) have obtained values of 15.350 and
11.150 mg L-1; 49.593 and 29.685 mg L-1; and finally 18.676 and 7.996 mg L-1 for TS and TVS in the RS
respectively. Thus, ranges found for septage in this study are not even close to those reported for FS by
other authors. As was mentioned by Heinss et al. (1998), low strength sludge or septage with low
concentrations has <30,000 mg L-1 of TS, and about 7.000 mg L-1of it are in a suspended form (SS).  The
values found in this study are much similar to sewage, where values less than 1.000 mg L-1 of TS are
generally found with an amount of SS ranging from 200 to700 mg L-1.

Von Sperling (2007) mention that typical values of TS and TVS for typical domestic wastewater are around
1.100mg L-1 and 620mg L-1 respectively, according to this, the characteristics of RS in this study were
highly diluted, with pollutant concentration values even lower than typical ranges in wastewaters.
However, it was observed that TS and TVS concentrations decreased in all of the treatment units in FSS
and PSS respectively.  In general, the characteristics presented make this system not very effective when
treating a diluted sludge. When the sludge had typical conditions of septage, it reached very high
efficiencies, a fact that occurred just two weeks along Phase 2, presenting TS concentrations of 8.771 and
12.030 mg L-1 in RS respectively, and the concentrations in the effluents were mostly lower than 1.500 mg
L-1 achieving TS removal efficiencies ranging from 85 to 88% and from 72 to 91% in each cases
respectively.  For the case of TVS, removal efficiencies obtained varied in general from 78 to 93%.

The overall results of removal efficiency of TS and TVS for FSS and PSS during Phase 2 were calculated
based on the median efficiencies obtained along Phase 2.  Removal efficiencies obtained for FSS in terms
of TS were 22% and 27% for FSW1 and FSW1+R respectively, and fluctuated from 10% up to 19% for
PW1, PW2, PW3, PW4 and PW5 respectively. The lowest efficiency obtained was in PW6, presenting a
value of 1%. Removal efficiencies for TVS were 32% and 47% for FSW1 and FSW1+R respectively, and
ranged from 19 to 26% for the pilot units.  Apparently, different SLRs applied in each of the wetlands in
PSS did not significantly affect the quality of the effluent after treatment.  However, it should be
highlighted that FSS obtained higher efficiencies than PSS, and recirculation at full scale level slightly
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increase the efficiencies observed for the TS and TVS, reaching 5% and 15% higher efficiencies than in
FSW1, although these differences were not statistically representative.

This behaviour can be explained since the FSS have been operating for many more years with raw sewage,
thus the previous accumulating solids could have created a filtering matrix allowing for the development of
attached-growth biomass, therefore enhancing filtration processes in the CW units as well as removal of
organic pollutants.  According to USEPA (2000), Kadlec et al. (2009b) and Vymazal (2010), suspended
and large colloidal particles are effectively removed in CWs via settling and filtration through the dense
vegetation, which are considered physical mechanisms; furthermore, CWs are very effective in removal of
organics through microbial degradation and settling of colloidal particles.

Due to low content of TSS or strongly diluted characteristics of RS in this study, the removal of TS in all of
the units was very low.  According to Kadlec (1997), cited by Rousseau et al. (2004) there is often a
positive relation between loading rates and performance, therefore, the low influent loading rate would
explain the low removal efficiencies obtained.

VS/TS Ratio
The organic fraction of TS is given by the ratio TVS / TS. The ratios obtained for RS and percolated
effluents in FSS and PSS in this research can be seen in Table 4-4.

Table 4-4 VTS/TS Ratio for FSS and PSS during Phase 2

DATA
FSS PSS

RS FSW1 FSW1+R PW1 PW2 PW3 PW4 PW5 PW6

Mean 0.55 0.47 0.45 0.45 0.51 0.48 0.48 0.44 0.48

Median 0.51 0.48 0.46 0.46 0.49 0.45 0.49 0.44 0.44

Minimum 0.27 0.35 0.35 0.23 0.41 0.37 0.32 0.29 0.36

Maximum 0.86 0.64 0.61 0.58 0.67 0.69 0.67 0.63 0.66

Standard deviation 0.18 0.09 0.10 0.12 0.09 0.10 0.11 0.12 0.10

For Phase 2, the median VTS / TS ratio obtained for RS was 0.51, consistent with the ratios estimated by
USEPA (1999) for septage residues in STs, which range from 0.31 to 0.55.  The minimum and maximum
ratios achieved for RS were 0.27 and 0.86.  The median ratio obtained in Phase 2, was very similar to the
one obtained in Phase 1 (0.48), showing similarities of the organic fraction of septage in both phases.

As stated by von Sperling & Gonçalves (2007), TVS/TS ratio in the sludge indicates both, the organic
fraction of it and its level of digestion.  TVS/TS fraction ranged from 0.75 to 0.80 in the case of undigested
sludges, and from 0.60 to 0.65 for digested sludges respectively.  The ratio of TVS of TS attained in both
phases (0.48-0.51) demonstrates that partial stabilization is occurring in the septic tank systems, although
an important amount of degradable organic matter still remains, demanding stabilization before final
disposition.  Therefore, characteristics of the sludge found in this study (diluted) were more comparable
with those found in typical domestic wastewater, in which commonly TVS/TS ratio is 0.56 (von Sperling,
2007).

The VTS/TS ratio attained in this study was inferior than other values reported for FS by other authors,
0.72 (Koottatep et al., 2004), 0.6 (Tachini et al., 2006), 0.57 (Cofie et al., 2006), 0.53 (Arquier, 2006), 0.7
(Ratis, 2009), 0.68-0.84 (Andreoli, 2009) and was higher than that reported by Suntti et al. (2011) who
found 0.42, although their sludge was accumulated in a ST for a period of over 10 years. It is important to
emphasize that the degree of stabilization of the FS influences positively the rate of dewatering, allowing
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for effective drainage; on the contrary, unstabilized sludge presents difficulties in these characteristics
(Heinss et al., 1998; Cofie et al., 2006).

Typically, with the removal of OM in biological treatments, this ratio tends to decrease after the passage of
liquid through the treatment unit, which was noticed in Phase 2 of the research, although in minor
proportions (between 4-16%) for all the units in PSS and FSS.  In Phase 1, most of the times, the fraction of
TVS/TS after all the types of treatment increased, which is probably related to the detachment of biomass
in the filter media of the wetlands, because the system was in a process of stabilization with the septage
application. In general, there was not a biological treatment taking place, the physical treatment (according
to TS removal efficiencies) was predominating over the biological one in Phase 1.  On the other hand, in
PSS this ratio shows higher values in all of the units when comparing with those obtained for FSS, which
indicates that values presented in Table 4-5 could not show a trend for the short period of this research,
thus, more sludge applications needed to be evaluated in order to make fair comparisons.

During the first three weeks of Phase 2, the ratio TVS/TS did not decrease in all the pilot units.  Until the
fourth week, this ratio decreased in all of these units, apparently indicating that a biological treatment,
although at a small rate, was taking place in addition to the physical one, which was not observed for Phase
1.

Differences among ratios of RS and CWs units in both systems were not very meaningful, for the reason
that solids content presented in the RS was higher in percentage for dissolved solids than for suspended
solids, so particles could not be retained through the filtering medium as is the case for sludges with high
content of organic matter in suspension.  Although in this study this form (TSS) was not measured in the
laboratory, a diluted sludge was observed constantly along the study period.  For instance, Koottatep et al.
(2004) achieved removal efficiencies of 72% of TS (15.350 mg L-1) but taking into account that 58% (TS)
of their solids content in RS were in the suspended form, in addition, Suntti et al. (2011) achieved removal
efficiencies of 94 and 96% of their TS in RS (18.677 mg L-1) respectively but the suspended form of the RS
corresponded to a high value of 78% (TS).

It was evident at the field, that the RS in this study also contained high amounts of inorganic material (sand,
plastic, stones), which means that even though the sludge presented similar characteristics to wastewater,
the amount of solids and its biodegradability can demonstrate a small difference, as was observed with the
minimum ratio obtained (0.27).

4.1.2.4 Organic Matter (TCOD and TBOD5)

Regarding the organic matter content in the sludge from septic tanks, TCOD and TBOD5 parameters were
measured.  The TCOD and TBOD5 concentrations results in Phase 2 as well as descriptive statistics of these
two parameters are shown in Table 4-5 for FSS and PSS correspondingly, also the removal efficiencies can
be observed in Figure 4-5.
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Table 4-5 TCOD and TBOD5 concentration values for FSS and PSS during Phase 2

Parameter
Descriptive

statistics

FSS PSS

RS FSW1 FSW1+R PW1 PW2 PW3 PW4 PW5 PW6

TCOD (mg L-1)

Number of data 8 8 6 8 8 8 8 8 8

Mean 5,730 483 459 737 522 953 612 536 748

Median 487 270 246 328 371 370 348 334 461

Minimum 300 187 137 181 215 211 199 215 213

Maximum 21,673 1,284 1,109 2,968 1,355 4,584 1,938 1,496 2,601

Standard deviation 9,800 429 410 952 422 1501 602 459 788

TBOD5 (mg L-1)

Number of data 9 9 6 9 9 9 9 9 9
Mean 1,662 318 315 339 415 378 426 306 449
Median 302 177 159 198 221 200 241 180 227
Minimum 143 56 51 46 83 69 81 80 86

Maximum 8,920 975 714 947 1,396 1,174 1,604 771 1,641
Standard deviation 2,995 327 299 328 450 405 497 257 519

a)

b)

Figure 4-4 Box plot with mean, median, percentiles (10%, 25%, 75% and 90%), minimum and removal
efficiency values (a) for TCOD and (b) for TBOD5 in PSS and FSS for Phase 2
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As a consequence of the high variability of the RS, TCOD values varied significantly, concentrations
fluctuated from 300 up to 21.673 mg L-1; the median value found for RS was 487 mg L-1.  After treatment
in each of the units, lower concentrations were attained in the effluents, for instance, in FSW1 and FSW+R
the median values found were 270 and 246 mg L-1 respectively.  In the case of PSS, concentration values
were higher than in FSS and ranged from to 328 up to371 mg L-1 in PW1, PW2, PW3, PW4 and PW5, and
for the case of PW6 displayed the highest value, 461 mg L-1.

Literature shows a wide difference in relation to the quality of the incoming sludge from ST on parameters
such as TCOD and TBOD5. Authors like Koottatep et al. (2004), Tachini et al. (2006), Troesch et al.
(2009), Suntti et al. (2011), Vincent et al. (2012) and Bassan et al. (2013) have found TCOD concentration
values of 15.700; 23.835; 46.255; 14.666; 42.000 and 7.607 mg L-1 respectively in the RS.  On the other
hand, Ratis (2009) found a lower value than other authors, 3.549 mg L-1; however it was higher than
median value achieved in this study. Maximum value obtained in this study (21.673 mg L-1) was closer to
those reported by the majority of the authors cited previously. As explained in the case of TS and TVS,
strongly diluted sludge characteristics (evaluated influent probably corresponded to supernatants of STs)
led to these small diminutions in the concentration values of pollutants when compared to international
literature.  Nevertheless, these variations were reproducing the exact real conditions in the field at a full
scale treatment unit, where in the case of Arrudas WWTP, quality control of ST discharge by trucks is not
monitored, only disposed into the treatment system. According to Heinss et al. (1998), low strength sludge
presents TCOD concentrations values <15.000 mg L-1 and sewage about 500 to 2.500 mg L-1.  The values
found in this study for this parameter corresponded clearly to sewage, and median values obtained are still
distant when compared to the typical ranges of low-strength septage.

On the other hand, with regard to TBOD5, the median value found in RS was 302 mg L-1, and median
values attained in the effluent of the pilot unit were lower than the RS value, ranging from 159 to 241 mg
L-1 for FSS and PSS. In the international context, TBOD5 for RS has been little reported, for instance,
Koottatep et al. (2004) obtained a value of 2.300 mg L-1 and Bassan et al. (2013) found 1.453 mg L-1.
Most researches on the subject have evaluated organic matter removal uniquely in terms of TCOD.

In summary, in terms of organic matter, the sludge from ST studied was highly diluted, with TCOD and
TBOD5 concentrations inferior than that reported in literature, as explained previously.

Removal efficiencies obtained were 41 and 59%; 71 and 68%; 41 and 43%; 37 and 35%; 37 and 41%; 35
and 39%; 41 and 44% and finally, 26 and 40% for TCOD and TBOD5 in FSW1, FSW1+R, PW1, PW2,
PW3, PW4, PW5 and PW6, respectively. From Figure 4-4 it can be observed that the efficiencies in terms
of TCOD and TBOD5 were higher in FSS than in PSS.  The implementation of the recirculation at full
scale (FSW+R) showed higher efficiencies for these two parameters than for the rest of the monitored units,
reaching 30 and 18% higher efficiencies for TCOD and TBOD5 respectively.  The difference is even more
noticeable than the one observed in the case of TS (5% higher) and TVS (15% higher); however at a
confidence level of 95% the obtained differences also were not statistically representative.

The organic matter removal percentages obtained are associated to numerous mechanisms such as: settling
of suspended particulate matter, filtration, adsorptions, breakdown, transformation and uptake of pollutants
and nutrients by microorganisms and plants, among others (Haberl et al., 2003).  For both parameters, the
recirculation at full a scale level indicated (although not in a representative way) that the biomass
accumulation in the bed plays an important role, allowing for better removal percentages.

According to Prost-Boucle & Molle (2012), the recirculation over a single stage (first stage) of the French
VFCW (identical to the procedure of the FSS in this study) can improve nitrification efficiency, carbon and
SS removal. Thus, a recirculation loop could be an interesting way to diminish investment cost (avoiding
construction of a second stage) and footprint. However, it is needed to take into account that recirculation
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requires the setting up of electromechanical equipment (pumps) as well as energy consumption, reducing
the environment-friendly character of the technology.  Only in the case where standards in terms of
nitrification (in each particular case) are very stringent, the construction of a second stage of or the
implementation of recirculation should be analysed and / or executed.

Magri et al. (2012) studied sludge dewatering with effluent recirculation in different CWs planted with
three different species (Zizaniopsis bonariensis, Cyperys papyrus and Typha domingensis). The operation
with recirculation did not interfere in the dewatering process and it promoted an extra treatment with a
volume reduction of the effluent due to evapotranspiration, since the percolate time was set at six days.
Very good efficiencies in terms of COD removal were obtained (99%) despite the high influent
concentrations evaluated (in average 21.953 mg L-1).  Although statically there were no significant
differences between the CWs with and without recirculation, it presented high potential for application,
generating an effluent with characteristics that make it safer to be disposed of into the environment, less
concentrated in terms of organic matter (COD), nitrogen and phosphorus compounds when applying a SLR
of 150 kg TS m-2 year-1. Similar findings were obtained in this research; despite recirculation allowed for
obtaining better efficiencies in the effluents in terms of organic matter, they were not statistically
representative. This is why it should be recommended to study very carefully the implementation of
recirculation, since it can involve higher operational costs.

Efficiencies of about 97% and 89 to 93% for TCOD achieved by Koottatep et al. (2004) and Troesch et al.
(2009) respectively in their local conditions were much higher than those obtained in this research;
however, the pollutants concentration in their septage were greater (15.700 and 46.255 mg L-1) than those
found in this study (487 mg L-1).  Although removal efficiencies obtained by these authors were high, the
percolated effluent was still concentrated and needed a suitable complementary treatment before being
finally disposed, which was also the case of this research. Additionally, the inclusion of a fine layer (sand,
compost, wooden shavings, among other materials) on the top of the sludge treatment units, is commonly
practiced (in SDRB, STW, VFCW), which probably could have improved the effluent quality.

In any case, having or not a fine layer (i.e. sand) on top of a VFCW for the sludge treatment has been
widely discussed in literature, although it presents good results in terms of removal efficiencies, frequent
clogging is a matter of concern. Authors such Kantawanichkul et al. (2009) suggested that care should be
taken due to the selection of finer sand or gravel, as it may lead to surface clogging and hence flooding.
Other authors (Cofie et al., 2006) using SDRB replaced sand twice during the eight loading cycles of their
research and observed that sand particles crumbled with time and clogged the filter layer, leading to a
reduced rate of infiltration and, hence, decreased the rate of dewaterability.  Moreover, according to Uggetti
et al. (2010), when treated sludge is removed from the wetlands (i.e. at the end of each cycle), they
observed that the sand layer protects the main filter layer, thus there is no need to replace it.  On the other
hand, Troesch et al. (2008) evaluated the effect of substituting the sand layer with a vegetal compost layer.
Compost layer was a better growing media for plants, but it had a lower filtration capacity than sand, thus
altering the filter function.

In this respect, there are many opinions which differ from each other, however, selection of sand plays a
very important role in order to improve organic matter removal, therefore, studies for long-term
experiments in local conditions of this research should be held, since the replacement of these particles may
lead to expensive maintenance costs in the treatment systems, which is probably not good for developing
countries.

In general, based on the statistical comparison of various studies, Zhang (2014) indicated that VFCW are
expected to perform better than HFCW for the reduction of TS, BOD and COD.  Equally important,
tropical countries favour the treatment, allowing both, higher applied SLRs and good removal efficiencies
(Magri et al., 2012).
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TCOD / TBOD5 ratio
The TCOD / TBOD5 ratios calculated for Phase 2 can be seen in Table 4-6.

Table 4-6 TCOD / BOD5 for FSS and PSS during Phase 2

DATA
FSS PSS

RS FSW1 FSW1+R PW1 PW2 PW3 PW4 PW5 PW6

Mean Ratio 1.8 1.7 1.5 1.6 1.4 1.8 1.6 1.7 1.6

Median 1.7 1.7 1.5 1.9 1.5 2.2 1.6 2.0 1.7

Minimum 1.4 1.1 1.1 0.7 1.0 0.8 1.2 1.1 0.9

Maximum 5.3 3.3 3.5 5.7 2.7 3.9 2.4 3.1 5.1

Standard deviation 5.3 5.4 4.4 2.4 4.6 3.0 5.8 5.1 3.4

According to Heinss et al. (1998), the ratio COD:BOD of faecal sludge that may be encountered in tropical
countries varies from 5:1 to 10:1 for low and high-strength sludge.  On the other hand, according to von
Sperling (2007), the ratio for sewage in tropical countries should be between 1.7 and 2.4.

The median TCOD / TBOD5 ratio obtained for raw septage was 1.7, which is in the typical range for
domestic sewage according to von Sperling (2007). The Median TCOD / TBOD5 ratios after treatment in
the VFCWs were 1.7, 1.5, 1.9, 1.5, 2.2, 1.6, 2.0 and 1.7 respectively for FSW1, FSW1+R, PW1, PW2,
PW3, PW4, PW5 and PW6.  Values less than 2.5 or 3.0 suggest that the biodegradable fraction is high,
which means a good indication for biological treatment.

The TCOD / BOD5 ratios tend to increase after treatment due to there is a reduction of the biodegradable
fraction (von Sperling, 2007).  Despite the fact that RS presented biodegradable characteristics, results do
not clearly show this behaviour, which suggests the biological treatment, does not play an important role
for the particular conditions of this experiment in FSS and PSS.  Normally after biological treatment, this
ratio can reach values higher than 3.0, however this case, values obtained for the effluents in all of the units
were not even close to this ratio.

The reduced biological treatment presented can be associated to the limited hydraulic detention time in the
research. Hydraulic conditions strongly influence the biotic community structure, biogeochemical
processes, and the fate of pollutants in CWs.  The HRT is a crucial controlling factor in determining the
removal efficiency of contaminants.  At high HLR or low HRT, substrate moves rapidly to the outlet,
reducing the contact time among the pollutants and the plant rhizosphere (Zhang et al., 2014). The contact
time (HRT) between the raw septage and the bed is very little when compared to the flow that is treated (8
to 10 m3) during the time interval of sludge application (about 15 minutes with F&D conditions).  As stated
by Molle et al. (2005), COD removal is sensitive to the infiltration rate, since high hydraulic loads seem to
decrease efficiency. The operational conditions of this research did not allow sufficient time between
microorganisms and pollutants in order to reduce their concentrations by means of biological reactions.
The main reduction presented in terms of OM can be related to the removal of settleable organics.

According to Vymazal et al. (1998), attached and suspended microbial growth is responsible for removal of
soluble organics, and aerobic degradation processes (prevalent in VFCWs) of these compounds are
governed by aerobic heterotrophic bacteria. Clearly, these processes were not favoured under the operating
conditions of this research.  In addition, a sludge layer formed on the top of the units was not thick enough
to limit the infiltration rate as well as improving water distribution (promoting more contact between the
septage and the filter media), which is expected to happen with longer periods of operation. Very often,
improvement in treatment with sludge deposit evolution for the first stage of the French system over the
first years of operation is mentioned by Molle et al. (2005).
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4.1.2.5 Nutrients

The TKN concentrations results obtained in Phase 2 are shown in Table 4-7 for FSS and PSS respectively.

Table 4-7 TKN concentration values for FSS and PSS during Phase 2

Parameter
Descriptive

statistics

FSS PSS

RS FSW1 FSW1+R PW1 PW2 PW3 PW4 PW5 PW6

TKN (mg L-1)

Number of data 6 6 3 6 6 6 6 6 6

Mean 73 47 27 61 61 61 72 59 65

Median 79 59 16 69 67 64 79 67 69

Minimum 33 5 5 17 22 21 25 19 29

Maximum 104 77 61 91 99 113 120 92 110

Standard deviation 27 29 30 29 27 33 34 27 29

According to USEPA (1993), septic tank effluents do not usually contain nitrate, but can have important
levels of organic N and ammonia. The TKN, which is the main form in domestic sewage has physiological
origin.  The organic nitrogen corresponds to the amina groups, while ammonia is mainly derived from urea.
For Phase 2, the TKN median concentrations values obtained are 73, 47, 27, 61, 61,61.72, 59 and 65 mg L-1

for RS, FSW1, FSW1+R, PW1, PW2, PW3, PW4, PW5 and PW6 respectively.  TKN median
concentration for RS is 61% higher when compared to typical concentrations (45 mg L-1) found in domestic
wastewater (von Sperling, 2007), and higher than the value obtained by Toniato et al. (2005) for septic tank
sludge (38 mg L-1) ; however, the TKN found value of RS in this research is much lower when compared to
the values obtained by Koottatep et al. (2004), Troesch et al. (2009) and Suntti (2010), who found 1100,
1546 and 386 mg L-1 respectively.

After the treatment in all of the units, there is a decrease of TKN concentrations values for FSS and PSS.
The behaviour observed was similar to the other cases of TCOD and TBOD5 presented previously, since
obtained TKN concentrations were lower in the effluents of FSS than in PSS.  Anyway, limited
performance in terms of nitrogen removal in both systems was observed due to insufficient contact time
between RS and the biofilm on the gravel medium of the VFCW units (high loading rates in a short time
interval).  Similar findings were reported by Kantawanichkul et al., (2009), evaluating VFCW with high-
strength wastewater at different HLRs (20, 50 and 80 mm d-1) with unplanted and planted units (Typha
angustifolia and L., Cyperus involucratus) under tropical climate, concluding that none of these systems
achieved complete nitrification of the ammonia even at low loading rates. They also pointed out that
oxidized nitrogen did not differ among planted and unplanted systems, but concentrations in the effluent
decrease significantly with loading rates.  In addition, the number of Nitrosomonas and ammonia-oxidizing
bacteria was significantly higher in planted than unplanted systems.

The removal efficiencies after the treatment in all the units evaluated can be observed in Figure 4-5.
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Figure 4-5 NTK removal efficiency values for FSS and PSS in Phase Two

Values obtained for TKN removal efficiency were 34, 53, 14, 22, 29, 5, 18 and 13% for FSW1, FSW1+R,
PW1, PW2, PW3, PW4, PW5 and PW6 respectively. The values achieved were much higher in FSS,
furthermore the recirculation improved the effluent quality, reaching a 19% higher efficiency.  On the other
hand, removal efficiencies are lower in PSS, and there is no significant difference among the pilot units for
all the conditions of SLR applied. Some authors such as Koottatep et al. (2004), Troesch et al. (2009) and
Suntti (2010) found that TKN removal efficiencies in septage were about 88%, 89%, and 90-96%
respectively, however they applied higher and very different SLRs with different impounding periods, this
is why those efficiencies cannot be compared among themselves with results of this research.  What is
noticeable is that recirculation at full scale level partially allowed for obtaining better removal efficiencies.
According to Prigent et al., (2012) recirculation permitted the enhancement of nitrification on a single stage
of a French system.  Cui et al. (2012) suggested that recirculation of septic effluent has better performance
in removal of nutrients for a hybrid tidal flow CW than for the traditional VFCW, and Vymazal (2010)
indicated that removal of nitrogen in CWs can be improved by using a combination of various types of
CWs. Finally, Koottatep et al. (2004) affirmed that impounding in CW units is a crucial operating
condition to significantly enhance nitrification / denitrification as well as to avoid plant wilting.

TKN is divided into both, soluble and particulate content. Probably, TKN removal efficiency values
obtained in this research are linked mostly to the particulate fraction, which is mainly associated with
organic suspended solids retained in the filtering matrix. Despite pH, T and DO values attained before and
after treatment in VFCWs, which in the present study it can be related to the nitrification processes, further
investigation is needed in order to establish the nitrification rate. Additional analysis of NH4, NO2

- and
NO3

- for both, RS and percolate in the units are necessary in order to make a detailed inquiry. According to
Vymazal et al. (2007), the removal mechanisms of Nitrogen in CWs include NH3 volatilization,
nitrification, denitrification, nitrogen fixation, plant and microbial uptake, mineralization (ammonification),
nitrate reduction to ammonium (nitrate-ammonification), anaerobic ammonia oxidation (ANAMMOX),
fragmentation, sorption, desorption, burial and leaching; however, the major removal mechanism reported
for other authors is microbial nitrification / denitrification (Stottmeister et al., 2003). In VFCWs, very high
nitrification proceeds but, because of completely aerobic conditions in the vertical beds, no denitrification
takes place (Vymazal 2010). The uptake of nitrogen and phosphorus by plants is of little importance, since
it has been reported that plants can remove only 10% of Nitrogen and 20% of Phosphorus (Garcia & Corzo
2008). In VFCWs, nitrification is not direct and some ammonia adsorption occurs during the feeding
period, which is nitrified during the rest period, then released in the course of the subsequent feeding period
(Molle et al., 2006).

Suntti (2011) evaluated VFCWs using wastewater and sludge from a septic tank in different phases of the
research.  With pre-treated wastewater (75 days), this author found 76% and 80% reduction of ammonia
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(NH4
+) obtained from an initial concentration value of 44.9 mg L-1 for VFCW1 and VFCW2, respectively.

The major route of transformation of NH4
+ took place through nitrification, which was evidenced by the

increase in average nitrate (NO3
-) concentration, from 2.5 mg L-1 for the pre-treated wastewater up to 31.8

and 30.1 mg L-1 for VFCW1 and VFCW2 respectively. For the second stage of the research, during a
period of 30 days with sludge application once a week and F&D conditions, conversion of ammonia (82.3
mg L-1) to nitrate was present.  The average nitrate (NO3

-) concentration varied from 2.11 mg L-1 for
septage up to 37.8 and 55.1 mg L-1 for effluents in VFCW1 and VFCW2 respectively. Nitrification was
responsible for the conversion of 56 and 68% of ammonia in the two units. And last, for the third phase of
the research, with conditions of sludge application once per week, and HDT of six days, this author found
average concentration values of 386, 37.6, 0.7 and 2.5 mg.L-1 for TKN, Ammonia N, nitrite and nitrate,
respectively for the septage influent, achieving reductions of 90 and 96% of TKN and a decrease of 44%
and 68% of Ammonia N for VFCW1 and VFCW2 respectively.  Regarding nitrate concentrations, these
increased from 2.5 for septage up to 18.5 and 59.3 mg L-1 for the VFCW1 (SLR of 250 kg TS m-2 year-1)
and VFCW2 (SLR of 125 kg TS m-2 year-1) correspondingly.

The above mentioned results obtained by other authors indicate that nitrification in VFCWs is a process
that can occur, despite short or long hydraulic detention times, thus reinforcing the theory that nitrification
of septage could have been presented in this research; furthermore, the performance observed for
parameters such as DO, T and pH also led to this assumption (see item 4.2.2.1).

Compliance with Brazilian discharge standards

The effluent concentrations of the VFCW were compared and analysed regarding compliance of the
legislation DN (Normative Deliberation) COPAM/CERH-MG Nº 01 of 2008, of the Minas Gerais state,
Brazil for T, pH, TCOD and TBOD5.

With regard to pH (values from 6 to 9 units) and T (values inferior than 40ºC), all the effluents after the
treatment met the local standards.

Concerning COD, the standard indicates that values of concentration in the effluent should be lower than
180 mg L-1 or removal efficiency achieved should be at least 55% during the treatment, with an annual
average equal or greater than 65% for sewage systems.  On the other hand, in relation to BOD, the standard
specifies that values should be lower than 60 mg L-1 or overall minimum efficiency should be 60%. In just
a few occasions, the standards were met for the FSS and PSS.  The percentages of attendance for COD and
BOD5 can be seen in Figure 4-6 and Figure 4-7 respectively.

Figure 4-6 Percentiles for compliance of the limits of TCOD in FSS(left) and PSS (right) established in DN
COPAM/CERH Nº 01 of 2008
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Figure 4-7 Percentiles for compliance of the limits of BOD in FSS (left) and PSS (right) established in DN
COPAM/CERH Nº 01 of 2008

According to Figure 4-6, for FSW1, just 25% of the efficiencies obtained, in fact complied with the average
standard in the effluent concentration, and for FSW1+R, about 60% of the values reached the average
standard, subsequently it can be said that recirculation helps to improve effluent quality when compared to
FSW,1 at least for TCOD.  For PSS, the 32% of the effluent data were higher for PSW1 than the average
standard, and for the rest of the pilot wetlands, 22% of the data were higher than it.

On the other hand, in Figure 4-7, for FSW1, 20% of the efficiencies were superior than the average
standard, and for FSW1+R, 40% of the data obtained were above the same standard. For the pilot units, 10,
10, 10, 15, 18 and 25% for the effluent data of PW2, PW6, PW4, PW3, PW5 and PW1 respectively, where
higher than the established standard. This data proves that recirculation allows for improvement of organic
matter removal (TCOD and TBOD) in the percolated effluent although according to statistics, these values
are not significant at a confidence level of 95%.

Regarding solids, regulation allows a maximum of 100 mg L-1 of TSS in the effluent, clearly in this
research this was not possible to meet this standard since the values in the raw septage regarding this
parameter were above this limit.  Equally important, it is believed that the particles size of the bed do not
allow for retaining solids due to the dilute nature of the septage.

4.2.3. Microbiological Parameters

According to Campos et.al. (1999), cited by Ratis (2009) and Tilley et al. (2014), anaerobic reactors (pits,
septic tanks and similar systems) are not efficient in removing pathogens, therefore sanitation facilities like
these can contain pathogens and nutrient concentrations 10 to 100 times higher than in domestic wastewater
(Kengne et al 2009).

Microbiological parameters measured in the raw septage and effluents of FSS and PSS in Phase 2 of this
research are displayed in Table 4-8.
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Table 4-8 E. coli MPN/100 mL for FSS and PSS in Phase 2
Date Parameter RS FSW1 RS PW1 PW2 PW3 PW4 PW5 PW6

08-Jan-2014

E. coli x 108

MPN/100 mL

82 82 ND 82 82 155 37 98 14

15-Jan-2014 308 53 147 >2420 63 156 575 118 111

22-Jan-2014 109 1414 82 108 88 88 44 201 148

29-Jan-2014 13 41 40 4 5 23 13 19 17

05-Feb-2014 45 249 186 299 129 108 517 115 55

12-Feb-2014 435 >2420 11 5 44 579 33 7 111

19- Feb-2014 52 57 23 15 96 62 276 5 86

26-Feb-2014 29 53 ND 12 22 15 30 131 18

12-Mar-2014 25 33 ND 81 55 102 29 49 55
ND: No Data Recirculation was not done at those dates

E. coli values were presented without a statistical analysis because the system (FSS and PSS) did not show
stability in the removal of these pathogens.  At times, the elimination of these organisms was accomplished,
but also occasionally E. coli values increased much more (compared to the value in the raw septage) after
its passage through the wetland units, thus indicating that there are no efficient pathogen removal processes
in the first stage of the VFCW, which was adapted (without altering its initial design conditions) for
septage treatment.  Normally, sampled effluent of the units was even more contaminated in terms of
pathogens than RS. Consequently, it can be deduced that the contact time between the RS and filtering
medium in the VFCWs was really short and major processes (considered mandatory for E. coli removal)
like elimination by adsorption, filtration and solar radiation could not have occurred. In addition to that, and
according to TVS values obtained, there was detachment of the biomass, which could have also caused the
increase of the values of this parameter at the outlet of the units.

For this stage, neither FSS nor PSS showed continuous improvement with respect to the microbiological
quality of the effluent. The median E. coli value obtained for the raw septage is 52 x 108 MPN/100 mL.
Normally, E. coli values for sewage are reported in the international literature in terms of CFU / 100 mL.
In developing countries these values varied from 106 to 109 CFU / 100 mL.  However these values cannot
be compared with values attained in this research in terms of MPN / 100 mL because both are different
analytical procedures.  Nevertheless, the median value for RS obtained in Phase 2 (52 x 108 MPN/100 mL)
was higher than the value (1.3 x 108 MPN/100 mL) obtained by Morais (2012) for raw sewage at CePTS,
thus indicating for this case, that sludge from septic tanks have very high concentrations of this type of
bacteria, a bit higher (could be much higher if the sludge had not been so diluted) than Brazilian raw
wastewater.

Torrens et al. (2009) reported that the removal of microbial indicators in VFCW depends primarily on the
HRT, since this is the key parameter regarding filter disinfection capacity, which in turn depends on
different aspects such as: the depth of the filter, the hydraulic load and the dose volume per batch.  High
HRT enhance the adsorption of microorganisms, which is one of the main mechanisms of bacteria
immobilization in porous media.  Additionally, these authors found the presence of plants (Phragmites) not
significant in the removal of indicator microorganisms; furthermore low temperatures tested by the authors
(values of 4ºC in winter) did not limit the removal of microorganisms.

Vymazal (2005) argues that enteric microbe removal efficiency in CWs is mainly influenced by HLR and
the subsequent hydraulic residence time (HRT), and also important by the presence of vegetation due to
high oxygen concentrations which creates an aerobic environment, which does not favor these type of
organisms. However, Faulwetter et al. (2009) mentioned that published results regarding plant species
more suitable for producing aerobic zones are inconclusive for evaluating the potential ranking of this
species. Arias et al. (2003) in spite of the short residence time in VFCWs, suggested that the filtration
process is the main removal mechanism for bacterial indicator organisms and the process depends on the
loading rate and strength of the wastewater.  In their research, the flow of the raw wastewater ranged from
1.56 up to 6.17 m3 d-1.
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The contact time experienced during this phase between the raw septage and the bed was very little when
compared to the large flow that was treated, so that, there is no E. coli elimination by other factors such as
adsorption, solar radiation, among others. Even though the TVS / TS ratio indicates a small biological
treatment for Phase 2 was taking place, results are not much related to E. coli removal.  Nevertheless,
further sludge application needs to be executed for longer periods in order to establish if at the same
conditions of this research, the performance of the system in terms of E. coli elimination can improve, or on
the contrary, some variations could be made in order to get higher removal, e.g. extending the HRT,
placing a finer layer of filter medium (sand, finer gravel or other type of  material) or implementing
impounding operation periods of the septage onto the wetland units (various days).

Toniato et al. (2005) found that the treatment of septic effluent in HFCW was not effective with regard to
E. coli removal. Sezerino et al. (2012) found low E. coli removals for two types of systems (ST+HFCW
and ST+HFCW+VFCW) employed as decentralized wastewater treatment in Brazil, nonetheless the
effluents were thrown to the ground, where the decay of E. coli concentrations values is expected because
of different purification processes in the soil, such as filtration and predation by other microorganisms.
Likewise, Magri et al. 2012 found that the accumulated sludge on the top layer did not achieve the
standards needed for application in agriculture, especially regarding the pathogen content.

Clearly, the system with full and pilot scale units in this research did not show any improvement of quality
for the effluent in terms of the E. coli removal, therefore, further steps in treatment are needed in order to
comply with local standards.  Garcia et al. (2013) suggests that a combination of vertical with horizontal
subsurface flow constructed wetland presented the highest performance when compared to each one as an
only treatment unit for domestic wastewater in terms of total coliform and E. coli removal, obtaining
removal rates of 3 and 4 log units respectively, in addition to 90% of helminth eggs elimination allowing
for water and bio solids reuse.

4.2.4. Plants Monitoring

Height and density

The plants were observed along the experimental period for general appearance and health in both systems.
In figure 4-8 it can be seen the different measurements of plants height uniquely for PSS during the
experiment, since plants in FSS were already grown when research started. Throughout the experiment, it
was noticed that there was no presence of invasive species in any of the two systems.
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Figure 4-8 Average height of the plants in PSS during Phase 1 and Phase 2

In general terms Cynodon spp. showed good potential to grow under the conditions provided in this
research with weekly batch feeding periods of raw septage as well as tropical conditions (reaching
temperatures up to 30°C).

At full scale level, in the FSW1 the plants grew up very fast and very high with the sludge application, and
there were no significant differences compared to the appearance of the plants in the others full scale
wetlands (FSW2 and FSW3) which were fed just by raw wastewater (and were part of another research),
operated under the principles of the French System at CePTS (intermittent flow).

Cynodon spp. was sown in PSS, and along the period of the research it was observed that this type of grass
was very well adapted, giving good rooting and high yield, except PW3, in which case, plants started to
grow but water deficiency was observed at the beginning of Phase 2, so they could not adapted to the
septage, showing damage signs in leaves such as wilting and death of the plants.

One seedling from the FSS was manually planted in each of the pilot wetlands (PW2, PW3, PW4, PW5 and
PW6) at the beginning  of the experiment (Phase 1), and at the end of it (Phase 2), the number of grown
plants increased from 1 up to 38, 65, 82, 83 and 110 in PW3, PW6, PW4, PW5 and PW2 respectively,
Furthermore, the plants achieved a similar average height, which was in a range from 70 up to 74 cm, thus
indicating that the differences between the HLR and SLR managed during the experiment in the units did
not influence the growth of plants.

Concerning growth in PSS, the higher yield was observed during the first two months after the planting
(December 2013 and January 2014) with previous wastewater application and thereafter with raw septage
application, the following months, plants still grew up although at a slower rate. On the other hand, the
average plants height in FSS was about 1 meter, and the physical characteristics of the plants were similar
for both systems, showing comparable physical appearance and signs of wilting in both cases when there
was no continuous (two weeks of interruption along the study period) feeding of septage and when average
temperatures in the area were around 30°C. The behaviour of plants can be observed for each particular
case in Appendix D.

Adaptation processes from the plants Zizaniopsis bonariensis or commonly called Junco Brasilero for the
septage influent were also observed by Suntti (2010), who planted 15 individuals per m² (resulting 65 per
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filter) in VFCWs, and obtained after two months of wastewater application and before sludge application
plants height about 45 cm, and later on, after a period of nine months with only sludge applications, a
height of 2.0 and 1.86 m correspondingly in two filters operated with different SLRs (VFCW1 with 250 Kg
TS m-2 year-1 and VFCW2 with 125 Kg TS m-2 year-1).

Equivalent results on plants with this research were obtained by Koottatep et al. (2001), who planted cattail
(Typha) and observed the same symptoms of water deficiency when septage was applied once a week.  In
contrast, when septage was applied twice sa week plants grew well because they became acclimated at
different SLRs of 80, 125 and 250 Kg TS m-2 year-1.

Faria Júnior et al. (2009) reported different heights of Cynodon spp. when it belonged to an irrigated farm
in Minas Gerais, Brazil.  Values described are associated to different ages of cuttings. Height values were
37, 46, 59, 59 and 64 cm for 28, 42, 56, 70 and 84 days respectively.  These values indicated that there was
a significant increase in foliage heights with the advance of plant cutting up to 56 days. As time goes by,
the plants tend to show a decumbent growth due to the size and weight of the stems.  Although plants
height tends to stabilize with age, there is continuing growth of stems.

During an experiment with dairy wastewater, evaluating different OLRs in HFCW in Brazil reported by
Matos et al. (2008), Cynodon spp. reached maximum heights about 70 cm and good removal efficiencies
for the maximum (570 kg ha-1 dia-1 of BOD) OLR tested. Furthermore, plants presented good deepening of
roots without physiological or nutritional problems.

In other studies, Cynodon has shown very good response in very extreme conditions, e.g. Singh et al.
(2013) exposed this type of plant to conditions of sodic soils, with high pH contents.  As a result of the
research, it was concluded that the plant was able to grow up covering abandoned sodic lands, finding that
Cynodon is a very tolerant and useful plant for soil conservation.

All previous experiences verify that this type of plant is very tolerant under extreme conditions, which
make it a very good option to treat septage effluent in tropical climate.

Productivity
At the end of Phase 2, the produced biomass after sludge application was collected in FSS and PSS
respectively.  Regarding FSS, the collection of biomass was extracted from FSW1 in three selected areas of
1m2 each, and then averaged and extrapolated to the total area.  In the same manner, all the biomass
produced in PSS was collected separately for each of the planted wetlands and weighted in the laboratory.
The annual average productivity of Cynodon spp. for both systems was calculated and can be seen in Table
4-9.

Table 4-9 Annual productivity of Cynodon spp. at the end of Phase 2

Treatment
Units

% Dry
Matter

Dry Matter
Productivity

(kg ha-1 year-1)

Dry Matter
Productivity

(ton ha-1 year-1)

FSS 31% 1,594 2

PW2 45% 13,255 13

PW3 90% 1,832 2
PW4 41% 13,243 13

PW5 46% 18,500 19

PW6 52% 18,182 18
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The values of dry matter productivity in FSS were very different from the ones obtained for the units in
PSS.  This fact happened because it was easier to make the biomass collection in the PSS since Cynodon
spp. grew up very fast and organized into the reduced circular area of the pilot units.  Unfortunately, for big
areas as the FSS was not the same case; even though the corresponding biomass for one square meter was
collected using a frame, some plants were strongly entangled at the bottom of the selected area causing
difficulties in the withdrawal of them, and as a consequence underestimating its dry matter productivity.

At the end of the experiment, yearly productivity results of Cynodon spp. was calculated for both systems
as it was shown in Table 4-9.  For FSS, productivity in terms of dry matter of Cynodon spp. reached values
of 2 ton ha-1 year-1, while for the pilot wetlands the productivity was much higher.  The differences between
both systems are attributed to inconveniences in the removing of the plants in FSS, which leads to lighter
values.  The productivity in PSS was 13; 2; 13; 19 and 18 ton ha-1 year-1for PW2, PW3, PW4, PW5 and
PW6 respectively.

Regarding PSS, the planted Cynodon spp. showed also very good adaptation to the raw septage in PW2,
PW4, PW5 and PW6, which were fed under average and double of the HLR conditions in the FSS for each
week.  However, when the pilot systems are trying to reproduce half of the HLR in PW3, the lower
productivity of dry weight was obtained, also, the plants showed no tolerance to the low HLRs with long
resting periods (one week), which meant that Cynodon spp. was not able of reproducing and growing up as
good as it was in the other four pilot cases. This was demonstrated since the fourth week of Phase 2, in
which the plants started to get wrinkled, dry and yellowish, and thereafter they could not recovered the
green colour with the passage of time.

For the rest of the pilot wetlands, the production values of dry matter were similar among them, being the
highest in PW5 and PW6, which were 19 and 18 ton ha-1 year-1 in PW5 and PW6 respectively.  The lower
values corresponded to PW2 and PW4, achieving 13 ton ha-1 year-1 in both cases respectively.

The physic-chemical characteristics of septage in this research are quite similar to wastewater, thus
presenting similar effects on the behaviour of plants when a comparison is done with other studies
conducted at CePTS.  The value of productivity obtained for FSS (2 ton ha-1 year-1) when COD/BOD ratio
is 1.7 can be compared with studies undertaken by Morais (2012)  and Lana (2013),  with the same type of
plant and treatment unit, and under some other different characteristics. Morais (2012) and Lana (2013)
found an annual Cynodon spp. productivity of 29.4 and 20 ton ha-1 year-1 respectively.  According to that,
the productivity values obtained for the present research at full scale level were much lower than those
obtained at CePTS, but it is important to mention that this is an underestimated value as was explained
previously.  Values attained by these authors are much closer to the values obtained for PSS in PW2, PW5
and PW6 respectively.  Nevertheless, values obtained by them are superior, and were a result of raw
wastewater application at different feeding and resting period strategies according to the French System.
Moraes (2012) evaluated a HLR of 0.38 m3 m-2 d-1, feeding period of 2.5 days per week, and average
COD/BOD ratio of 1.72.   On the other hand, Lana (2013) evaluated a HLR of 0.45 m3 m-2 d-1, feeding
period of 2.5 days per week, and average COD/BOD ratio of 1.92.  According to this, Cynodon spp.
presented better productivity for raw wastewater rather than septage, which implies that the loads and long
resting periods alter their productivity, without reaching the highest values obtained in other studies.

The results before mentioned indicated that plants in this study presented good conditions, good
performance and productivity with septage influent application. Healthy growth of the plants was observed
for the different types of raw septage applied as a batch weekly, which was an experience executed for first
time in FSWs at CePTS.

Different plants have been evaluated all over the world for other studies with sludge application in
constructed wetlands,; authors like Kengne et al. (2009) in the Cameroon evaluated Echinochloa
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pyramidalis and they found that for SLR between 100-200 kg TS m-2 year-1, the system generates from 100
to 150 ton ha-1 year-1 .

Matos et al. (2009) found that Cynodon had a very good performance in CWs for the treatment of swine
wastewater.  The productivity of this plant was around 33, 20 and 32 ton ha-1 in three different collections
during their research. Cynodon spp. presented major productivity when compared to other plants such as
Typha and Alternanthera, although the latter presented the higher nutrient extraction capacity.

In general, findings obtained are in accordance with that reported in the local (Brazilian) literature, because
in the international context this plant has been very little studied in CWs.  As a whole, Cynodon presented
good characteristics in terms of production and high growth capacity, with great potential for use as forage
in subtropical and tropical conditions. The dry matter produced can have other uses (such animal
consumption); anyway, additional studies should be performed in order to verify this information.

Nutrients concentration

Concentrations of phosphorus, nitrogen, sodium and potassium were measured in the aerial parts of the
plants after the first and unique cutting performed during the experiment (end of Phase 2), and are shown in
Figure 4-9.

Figure 4-9 Nutrients concentration in FSS and PSS at end of Phase 2

The higher concentrations obtained in the dry matter of the leaf tissue in descending order for all the units
were: total nitrogen (TN), potassium (K), total phosphorus (TP) and sodium (Na) respectively, with the
difference that Na was just higher than TP for PW5 and PW6.   In regard of this, it can be said that there is
a noticeable influence on the obtained average nutrient values with respect to applied SLRs, since PW3, the
unit with the lower SLR in the experiment obtained the lowest concentrations for all the nutrients
evaluated.  On the other hand, the PW4, the unit with the double of the SLR, obtained the highest values for
all the nutrients, except for Na. Performing a comparison among FSS and PSS, the nutrients concentrations
are quite similar, indicating that acclimated plants have similar nutrients extraction capacity of the raw
septage.
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In other studies, Fia et al., (2011) found that high nutrients and OLRs exposition of swine wastewater,
Cynodon spp. showed more productivity and nutrients extraction capacity than Taboa, except for sodium.
Regarding nutrients, values obtained for Cynodon spp. were in a range of 0.79 to 0.97 dag kg-1 of P, from,

1.93 to 2.11 dag kg-1,of K, from 0.02 to 0.03 dag kg-1,of Na and from 4.31 up to 4.68 dag kg-1for TKN.
Even though, in this experiment (120 days) the flow was much lower, it presented a hydraulic detention
time of various days.  Comparing these values with the obtained for this research, clearly P, N and K
concentrations were higher in their investigation, since concentrations obtained for PSS and FSS were in a
range from 0.14 to 0.21 dag kg-1 for P, 2.07 up to 2.74 dag kg-1 for TN, and from 0.87 up to 2.03 dag kg-1

for K.  Regarding Na, values were higher in this research, obtaining a range of 0.11 up to 0.20 dag kg-1 of
Na. Nutrient extraction capacity values in their research are related to OLRs from 163 to 561 kg ha-1 d-1 of
BOD, while for this research the median OLR applied was 118 kg ha-1 d-1.

On the other hand, Matos et al. (2008) also evaluated nutrient removal by Cynodon spp. for dairy
wastewater and found an average removal of 416; 43; 162 and 7.2 kg ha-1 for N, P, K and Na respectively
with OLRs from 66 up to 570 kg ha-1 d-1 of BOD. Data obtained were higher for their research, since those
are data related to four months.  Data obtained in PW4, which had higher applied HLR and SLRs were 446,
34, 243 and 28 kg ha-1year-1 for N, P, K and Na correspondingly.

A summary of the average concentrations extracted for FSS and PSS according to the percentage of DM
obtained can be seen in Table 4-10.

Table 4-10 Average concentrations of nutrients and sodium in the dry matter of Cynodon spp., obtained from
the cutting at the end of the experiment.

Unit PT (kg ha-1-year-1) NT (kg ha-1-year-1) Na (kg ha-1-year-1) K (kg ha-1-year-1)

FSW1 3 41 2 32

PW2 30 439 20 185

PW3 12 174 9 73

PW4 34 446 28 243

PW5 32 515 37 241

PW6 32 524 44 287

Taking into account the values presented, can be said that this type of plant, has a very good capacity to
extract nutrients, even at a high OLRs.  Results of this research are satisfactory since sludge application
was done at FD conditions, which means low contact time among the septage and the plants.  Normally,
values reported by other researches include various days as detention time.  In general, it is observed that at
higher OLR the nutrient extraction capacity is also higher; in any case very high OLRs can be toxic and
furthermore can affect the overall removal efficiencies.

Given this fact, harvested plants have the ability to remove nutrients from the influents, thus diminishing
pollutants concentration in the effluents, and can have some other uses such as composting.

4.2.5. Sludge Monitoring

At the end of Phase 2, the sludge accumulated on the top of the units, reached mean values of 3.5, 2.0, 3.0,
3.0, 2.5 and 2.0 cm for PW1, PW2, PW3, PW4, PW5 and PW6 respectively, and an average height of 3.0
cm in FSW1 (see Figure 4-10). The accumulation rate of sludge was calculated, obtaining 7, 17, 9, 14, 14,
14, 12 and 9 cm year-1 for FSW1, PW1, PW2, PW3, PW4, PW5 and PW6 respectively.
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Figure 4-10 Accumulated sludge characteristics in PSS and FSS at the end of Phase 2

The accumulation rate was lower in FSW1 due to the fact that ST sludge application started first on PSS,
this is to say, in longer periods, dewatering and mineralization processes of sludge accumulated on the top
of the wetlands takes place reaching a reduction of sludge height.  On the other hand, for the pilot units, the
sludge height was in a range from 2 to 3.5 cm, being the higher rate for PW1, which is in accordance with
the findings reported in literature (Edwards et al., 2001; Koottatep et al., 2004; Uggetti et al., 2012b),
where it is mentioned that the presence of plants helps to reduce the amount of sludge accumulated on the
surface due to their contribution to water evapotranspiration and percolation respectively, assisting sludge
dewatering and mineralization.  Since PW1 was the unplanted unit and presented more sludge retained, it
can be said that the existence of plants, the growth of its roots and rhizomes helps to generate more porosity
enhancing the dewatering and mineralization of carbonaceous compounds in accordance to the
biodegradability of the raw septage applied in this research.

The accumulated sludge or deposit layers in both, FSS and PSS were not high enough to enhance filtration
effects, which is a crucial factor in the performance of the system because it influences several parameters
such as hydraulic, gas transfers, filtration efficiency and water retention time (Molle, 2014).  According to
Kottattep et al.(2001), during the first two years of ST sludge application onto VFCWs, the accumulated
sludge layers were not high sufficient to enhance the filtration effects, which indicates that for this research
further monitoring periods are required in order to establish a major positive impact of this layer.   Even
though these authors evaluated sludge application for several years, they never found bed clogging and the
percolate came out easily, fact that was attributed to the growth of cattail roots.

Vincent et al.(2012), studied the hydraulic properties of the sludge layer, focusing on the impact of
operating conditions such loads and feeding frequencies on air entrance into the sludge deposit for activated
sludge and septage during 50 months with loads of 30, 50 and 70 kg TSS year-1 respectively and they found
that load and frequency are not aeration-limiting for septage while it is for activated sludge at a load of 50
and 70 kg TSS year-1, blocking oxygen diffusion into the deposit layer.

At the end of Phase 2, sludge accumulated on the top of pilot units was similar to the value found by
Koottatep et al. (2004), who measured 80 cm of sludge height during seven years, corresponding to a rate
of 12 cm year -1 using much higher SLRs in their research (80, 160 and 250 kg TS/m2.yr). In spite of the
sludge accumulation, the applied sludge could be entirely drained, although at a slower rate.  In this
research, an average time of 2.5 hours between the sludge application and complete drainage of the
percolate were observed, though most of the percolated liquid was out of the system during the first 30
minutes.  According to Molle (2014) further studies on sludge deposit layer are needed in order to get new
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developments of VFCWs, however what is known according to Nielsen et al. (2014) is that the level of
total organic carbon as well as total nitrogen concentrations decreased when the depth of this layer
increases, which means very low concentrations at the deepest layers.

Dewatering process is easily given in big areas as is the case of FSS.  The PWs units were PVC columns
with a smaller area (same height of the filtering medium and free border), and it was more difficult to
facilitate this process since the area was not fully exposed to the solar radiation, as was the case of the
VFCWs units in FSS. Water content (WC) percentages are higher for all the pilot units in regard to FSS
excepting PW3, which was the unit that received the less amount of sludge. WC percentages reached were
43, 56, 52, 30, 61, 57, and 63% for FSW1, PW1, PW2, PW3, PW4, PW5 and PW6 respectively.  The
percentage of TS of the sludge layer were 57,44, 48, 70, 39,43 and 37 mg.L-1 for FSW1, PW1, PW2, PW3,
PW4, PW5 and PW6 correspondingly.  Finally, the percentage of TVS (%TS) in this layer are 20, 22, 24,
10, 24, 19 and 24 mg.L-1 respectively.  It was observed, that this sludge layer also had considerable
percentage of inorganic material, which was evident in the field, when sludge application took place, being
notorious the high presence of plastic, stones and sand, among other inorganic compounds.

Suntti (2010), found for the two filters evaluated in the research, a water content of 76 and 67%, TS (%) 24
and 33%, and TVS(%) of 40 and 40% for VFCW1 and VFCW2 respectively.  The VFCW1 was the filter
which received higher SLRs, so VFCW2 obtained better dewatering reaching higher amounts of TS in the
deposit layer; however, results obtained correspond to colder temperatures with minimum temperatures in a
range from 12 to 22°C.  Other authors (Stefanakis et al., 2009) have evaluated other SLRs and have found
that for lower SLR dewatering is much higher, reaching less percentages of WC and a higher content of TS,
which for this research was the case of PW3, presenting 30% and 70% of WC and TS (%) respectively.

Sludge accumulation in VFCWs in order to obtain dewatering of it is a practice that reduces normal
operation and maintenance costs than other technologies since there is no need to make a frequent removal
of it.  Depending on the design, the sludge on the top of the units can be accumulated for several years,
which is not the case of the sludge drying beds, which require more frequently emptying intervals
(Koottatep et al., 2001).

Given the size gravel of the units, the diluted quality of septage and according to what has been found in
literature, the clogging phenomena is not expected to happen within a long term, at least for the conditions
provided in this research.  Koottatep et al. (2004) applied much higher SLRs and did not observe this
operational problem during seven years of studies.

4.2.6. Comparative performance of FSS and PSS through statistical analysis

The graphics of the efficiencies of the parameters evaluated (TS, TVC, TCOD, BOD5 and TKN) with
respect to time and SLRs are shown in Figure 4-11.
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Figure 4-11 Removal efficiencies of TS, TVS, TCOD and TBOD5 in regard to time (left) and to SLR kg m-2

year.-1 (right) in Phase 2
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To quantify the relationship between fixed effects that influence the description of the removal efficiency
of TS, TVS, TCOD, BOD5 and TKN, the significant factors obtained through an ANOVA test (See
Appendix B, data in bold in Table B-3) are taken into account to select the model for each of the
parameters (see Table 4-11 and Figure 4-12).

Table 4-11 Adjusted Model for TS, TVS, TCOD, BOD and TKN in Phase 2

Parameter Description Value Std.Error p-value

TS

(Intercept) -57,868 5,020 0,00

Time -2,089 0,397 0,00

log(SLR) 31,326 1,182 0,00

TVS

(Intercept) -61,252 8,938 0,00

Time -5,566 0,743 0,00

log(SLR) 40,179 2,473 0,00

TCOD
(Intercept) -32,923 8,265 0,00

log(SLR) 25,069 2,190 0,00

BOD5
(Intercept) -1,709 6,091 0,78

Log (SLR) 16,171 1,625 0,00

TKN

(Intercept) 44,069 6,282 0,00

Full Scale -
Pilots

27,353 7,023 0,01

Figure 4-12 Adjusted efficiency ratio of TS, TVS, TCOD and TBOD5 in regard to SLR

According to Figure 4-12 and all ANOVA analysis can be observed that:

SLR (Kg.m-2.year-1)SLR (Kg.m-2.year-1)
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For TS and TVS:
The relationship between SLR and wetland efficiency is not quite linear, according to Montgomery et al.
(2005), a transformation of the type natural logarithmic can be used when the behavior of the variable look
like this kind.  Hypothesis tests verified in the ANOVA indicates that there is not any substantial effect in
the removal of TS and TSV when having plantation, recirculation, and worms at a confidence level of 95%.
On the other hand, the covariates time and the natural logarithm of the SLR influences on it. The fact of
obtaining a logarithmic relationship implies that as SLR increases will increase the removal efficiency, but
also, efficiency along time will decrease periodically as it was found that with the passage of time (keeping
constant SLR) there is a decrease in efficiency, 2.089% for TS and 5.56% for TVS respectively.

For TCOD:
The relationship between SLR and wetland efficiency presents a non-lineal relation, so logarithmic
transformation was used.  At a confidence level of 95%, there is not any effect in the removal of TCOD
when having plantation, recirculation and worms.  In the same manner, neither there is a tendency of the
TCOD removal over time, whereas ANOVA indicates the natural logarithm of SLR covariate affects
TCOD removal.

For BOD5:
According to ANOVA analysis, its removal is only influenced by time and for the logarithm of SLR.
However, the time is not a significant factor when variable selection is done, at a confidence level of 95%.

For TKN:
There is not a trend in the removal efficiency regarding time, while on the other hand, neither is detected a
relationship between SLR applied and TKN removal efficiency.  Concerning ANOVA, it is observed at a
confidence level of 95% that the type of wetland is significant in the removal efficiency of TKN.
Furthermore, there is not any significant effect in the removal of TKN when having plantation,
recirculation, and worms.  According to the adjusted model for TKN, wetlands full scale present a higher
average efficiency of 27% compared to the pilot wetlands.

In general, the Figure 4-13 indicates that for high values of SLR the removal efficiencies of TS, TVS,
TCOD and BOD5 will be higher.  Unfortunately, conditions during this experiment were not fixed for SLR
and the median values obtained corresponded to a very diluted raw septage; however, with the results
obtained and modeled; SLR about 200 - 300 kg m-2 year-1 will allow getting efficiencies about or higher
than 80% for all the parameters. Similar finding were obtained for septage by Koottatep et al. (2004), who
found a rate of 250 kg TS m-2 year-1 and a constant volume loading of 8 m3 week-1 although with other
variations such as: percolate impounding periods of 6 days as a suitable option to get good efficiencies.

At large, recirculation, plantation and worms did not affect the solids and organic matter removal, while in
the case of TKN removal efficiency, it was observed that uniquely the type of wetland affects its removal; a
fact explained due to the FSS presents more maturity of the filtering matrix than PSS in terms of conformed
microbiological communities in order to reduce pollutants concentration.

Correlation efficiency and site variables

For the Phase 2, the Principal Components Analysis (PCA) was used to analyse the relationships between
the efficiencies obtained in the parameters: TS, TVS, TCOD, TBOD5 and TKN with the pH, temperature
and DO. The first and second component of the PCA which includes 68.2% of the total variability of all
variables analysed was plotted (see Figure 4-13).
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Figure 4-13 Circle of correlations, Inertia (68.2%) axis 1 and 2

As expressed by the PCA, it is observed that efficiencies of the variables TBOD5, TCOD, TS and TVS
presented a direct correlation with each other, which can be interpreted as if the wetland increases
efficiency in any of the variables mentioned, usually will increase for all. It is also observed that the TKN
efficiency and temperature is correlated, which means that typically, at higher temperatures will be greater
efficiencies of this parameter. Furthermore, TKN and temperature are not correlated at all with the
efficiencies of the variables TS, TVS, TCOD, TBOD5. Regarding pH, this variable inversely affects the
TBOD5, TCOD, TS and TSV efficiencies, thus indicating that at higher pH levels, lower efficiencies in
these variables, and vice versa.

This analysis confirm what has been reported in the literature, that is to say normally high strength septic
tank sludge (or very concentrated) presented very good removal efficiencies in all of the cases (TS, TVS,
TCOD and TBOD5), confirming when these values are higher, efficiencies are higher.  On the contrary, as
was experienced in most cases in this research, when these values were lower or corresponded to a dilute
septage, efficiencies were expected to be inferior.  On the other hand, TKN is a process that can be
favoured if temperature is adequate in order to reach oxidation of organic and ammonia nitrogen, that is
way they are correlated.  Furthermore, pH values near to the neutrality will allow better conditions for the
removal of all the pollutants.
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5.1. Conclusions
Start-up and operation of PSS and FSS in parallel, with septage application allowed comparing
performances in both systems, evaluating similarities and predicting behaviour of real septic tank sludge.
Values obtained in this research became an important starting point for studies with septage in VFCW in
Brazil and in Latin America countries, where there are many problems regarding its suitable disposal, while
patterns of wastewater production are very similar and where still, there is a lack of research on the topic.

In general, the incoming raw septage monitored was more diluted than expected and reported in the
international and local literature, presenting typical characteristics of raw wastewater in developing
countries. Even though the sludge utilized in this research had domestic origin, it presented very different
characteristics in its composition and satisfactory biodegradability. The incoming sludge presented median
concentration values of 706, 377, 487 and 302 mg L-1 for TS, TVS, COD and BOD5 respectively.

As a consequence of the low concentration of the septage influent, the resulting solids loading rates (SLR)
applied were much lower than those reported and recommended in literature for septic tank sludge in
VFCWs.  The SLRs values for Phase 2, were 12 kg TS m-2 year-1 in the full-scale unit, and in the pilot
units, with half, average and double of the HLR, 5, 12 and 22 kg TS m-2 year-1 respectively.

In the full-scale unit in Phase 2, the removal efficiencies (based on median efficiencies along the research)
obtained for FSW1 and FSW1+R were 22 and 27%, 32 and 47%, 41 and 71%, 59 and 68%, and 34 and
53% for TS, TVS, TCOD, TBOD5 and TKN respectively. The differences in pollutants removal for all the
six pilot units were lower than those obtained for FSW1 and not very different among them, however
efficiencies values achieved after recirculation at full scale level were higher, which meant that
recirculation helped to improve the effluent quality, although not to a significant level. Naturally, further
research needs to be done and longer monitoring periods are needed in order to assess the long-term
performance and the effect of recirculation, especially with the biomass development over time.

Through ANOVA test, it was evaluated the effect of applying different SLRs onto the wetlands when
having or not plantation, recirculation, and worms presence for the removal of the parameters analyzed in
this research.  At a confidence level of 95% there were no substantial impacts in the removal of the
parameters evaluated.  However, visual effect on water deficiency and posterior death of the plants were
noticed in PW3, which was the wetland that received the lowest amount of HLR and SLR during the
research.

CHAPTER 5
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The application of lineal mixed models to analyze the existence of significant differences between types of
wetlands in terms of relative efficiency in the removal of TS, TVS, BOD5, TCOD, and TKN are considered
relevant because in some cases it was necessary to model the correlation matrix of the residuals with an
autoregressive structure of the first order, as was the case of TVS and TS, which means that there is indeed
a correlation between measurements on the same wetland throughout time.  Thus, invalidating the
assumption of independence between measurements considered in traditional models.

The observed TKN removal efficiency was not affected by the amount of SLR applied into the wetland
units, but a significant difference between the efficiency of wetlands at a full-scale and pilot-scale units was
found, indicating that full-scale wetlands presented an efficiency of 27% higher than the pilot wetlands.
Even though the elimination of TKN is mainly attributed to particulate content that is filtered in the bed,
nitrification processes, although in a slower proportion could have been present; nevertheless, further
studies on specific nitrogen forms before and after the treatments are needed in order to confirm this
assumption.

The relationship between SLRs applied into the wetlands influenced the removal efficiency of TS, TVS,
TCOD and BOD5, but not in a linear manner, for that reason a logarithmic transformation was applied.
Furthermore, the estimates of the parameters for log (SLR) were positive, indicating that at higher SLR
efficiency usually increases, however, there is a point at which SLR increment does not generate further
growth in efficiency. For the case of this study, SLRs around 200-250 kg TS m-2 year-1 will allow to obtain
very good removal efficiencies, which is in accordance with the international literature.

The system was not effective with respect to E. coli removal for any of the two systems.  The big flow and
the short hydraulic detention time were the main factors that did not allow a decrease of its concentrations
in the percolated effluents. In addition, the characteristics of the filtering medium for the first stage of the
French system of VFCW were not fine enough to retain pollutants

Cynodon spp. can be used as phytoremediation plant because it showed good adaptation under the
conditions provided in this research for septage application, with weekly sludge (8m3) feeding periods (six
days) and tropical conditions, reaching air temperatures up to 30°C.  In both systems, the plants grew up
very fast, reaching high contents of dry matter. Cynodon spp. also presented very good capacity to extract
nutrients like nitrogen (in major proportion), potassium, phosphorus and sodium.

The sludge layer did not improve the filtration process because it reached only 3 cm in thickness. The
function of this layer permits better hydraulic distribution of the septage, gas transfers, and water retention
time.  A major impact of this layer can be observed with sludge application during more years of
monitoring as it is reported in literature.  However, dewatering in the deposit layer as well as high
concentration of TS were observed, obtaining similar values as that of other authors. The presence of
plants allowed obtaining minor water contents on the formed sludge layer than the unplanted unit.

From the point-of-view of septic tank sludge disposal and partial treatment, the utilization of a unit of the
first stage of the French VFCW, adapted to perform as sludge treatment wetland showed good potential for
developing and tropical climate regions, due to the easiness of application, construction and operation.
However, some modifications should be implemented, like improving the filtering medium by using finer
material, or inclusion of a further treatment step for the percolate.  In any case, longer periods of
monitoring are needed in order to establish and to enhance the improvement of sludge filtered quality.

5.2. Recommendations

The findings obtained in this research up to date are very important because few studies reported results at
full scale level; that is why some aspects should be taken into account and are listed below:
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To continue the sludge application and its evaluation through  weekly monitoring, at least of the same
parameters and to analyze the performance for many more years, in order to assess the positive impact of
sludge layer on the top of the units.

To measure other forms of nitrogen (nitrite and nitrate) in order to make a mass balance among the
incoming sludge, the percolate effluent and what is extracted by plants.

Improve the current sludge distribution onto the wetlands due to the existing method of sludge application
prevents it to get in contact with the whole area of the units.

Standardize the hydrodynamics of the system, due to the disposal of the sludge onto the system and its
filtration depends on the quality of the sludge, to know the sludge hydrodynamics will indicate the
permanence of sludge within the wetlands.

Regarding plants, a more frequent cutting and harvesting are recommended in order to avoid the
accumulation of plant biomass.  By doing this, it will be avoid the return of nutrients to the system in the
organic form as well as the salinization of the medium.  In addition to that, when plants are tall, they bend,
fall, and turn yellow, so often cuttings (each two months) will allow a proper management of the plants.

To investigate the origin of the sludge concerning the tank or pit were it comes from, though in practice it is
quite difficult. However, by establishing a more frequent contact with the people from the sludge
transporting companies will at least help to know if the origin of the sludge is completely domestic, since
sometimes it was evident the presence of other type of substances, thus indicating likely industrial
activities.

Evaluate Cynodon spp. in terms of its great potential for commercial use as animal feed.
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Appendix A

Table A-1 Septic tank sludge origin, volume received and units of application

Date Sludge Origin
Volume of sludge
from septic tank

(m3)

Sludge Application
into

05-Nov-2013 ND 8,0 FSS
12- Nov-2013 ND 8,0 FSS
19-Nov-2013 ND 5,0 FSS
26-Nov-2013 Household 8,0 FSS
03-Nov-2013 Household 3,5 FSS

11-Dec-2013 Household 8,0 FSS

19-Dec-2013 ND 8,0 FSS and PSS
23-Dec-2013 Restroom from a bus company 8,0 FSS and PSS

ND: No Data

Table A-2 pH, T, OD for FSS

Parameter Descriptive statistics
FSS

Raw
septage

FSW

pH (Units)

Number of data 8 8
Median 7.4 6.7
Minimum 5.2 4.4
Maximum 8.7 7.4

T (°C)

Number of data 7 7
Mean 28,3 27,8
Median 27,5 28,3
Minimum 23,6 24,3
Maximum 31,7 31,4
Standard deviation 2.9 2.2

DO (mg L-1)

Number of data 6.0 6.0
Mean 1.3 4.3
Median 0.3 5.1
Minimum 0.1 0.0
Maximum 4.6 6.3
Standard deviation 1.8 2.3
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Table A-3 TS, TVS and TCOD concentration values for FSS

Parameter Descriptive statistics
FSS

Raw
septage

FSW

TS (mg L-1)

Number of data 7 7
Mean 4016 2006
Median 3422 1673
Minimum 1315 747
Maximum 8077 4823
Standard deviation 2732 1332

TVS (mg L-1)

Number of data 7 7
Mean 1900 1109
Median 1657 922
Minimum 220 257
Maximum 5870 3337
Standard deviation 1860 1042

TCOD (mg L-1)

Number of data 8 8
Mean 3744 1975
Median 2649 1175
Minimum 590 180
Maximum 13310 8460
Standard deviation 4129 2710

Figure A-4 Variation and median values of SLR for FSS
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Table A-5 TS and TVS removal efficiencies for FSS

Parameter Descriptive statistics
FSS
FSW1

TS %

TS removal (based on
median concentration
values)

38

TS removal (based on
median efficiencies
values)

34

Standard deviation 9

TVS %

TVS removal (based in
median concentration
values)

41

TVS removal (based in
median efficiencies
values)

13

Standard deviation
42

Table A-6 VS/TS Ratio for FSS

DATA
FSS

RS FSW1
Mean Ratio 0.45 0.50

Median 0.48 0.50

Minimum 0.14 0.22

Maximum 0.73 0.74

Standard deviation 0.21 0.18

Table A-7 TCOD removal efficiencies for FSS

Parameter Descriptive statistics
FSS

FSW1

TCOD %

TCOD removal (based in
median concentration
values)

39

TCOD removal (based in
median efficiencies
values)

57

Standard deviation 29

Table A-8 E. coli MPN/100 mL for FSS and PSS
Date Parameter RS FSW1 RS PW1 PW2 PW3 PW4 PW5 PW6

19-Dec-2013
E. coli x 108

MPN/100 mL
4 2 4 26 23 21 11 17 23

23-Dec-2013
E. coli x 108

MPN/100 mL
5 20 5 3 36 4 20 ND ND

ND: No Data
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Appendix B

STATISTICAL MIXED MODEL ASSUMPTIONS FOR PHASE 2

With the aim to analyze the possible existence of significant differences of the parameters such as: TS,
TVS, TCOD, BOD5, and TKN in the VFCWs, an ANOVA's based on models with random effects or
mixed models was done.  Table A-1 shows the fixed effects that were considered in the development of the
model.

Table B-1 Fixed effect for mixed model in Phase 2
Factors Levels

Presence of plant Cynodon
spp.

There is presence of Cynodon
spp.
There is not presence of
Cynodon spp.

Type of wetland
Wetland Full Scale
Pilot Wetland

Presence of worms
There is presence of worms
There is not presence of
worms

Application of sludge
recirculation

There is application of sludge
recirculation
There is not application of
sludge recirculation

The covariates are quantitative variables that may help to reduce the estimation of experimental error.  It is
possible to evaluate the effect that co-variates shows over the response variable allowing evaluating the
effects of the factors with a common base on the values of the covariate (Kuehl, 2001).  In the model, the
following covariates were included.

Time, in order to observe any trend in efficiency depending on this variable.  Also, can be
interpreted as the trend for the behavior of the removal efficiency.

SLR applied.  In some cases, the variable is transformed to linearize the relationship with the
efficiency considered.  The applied transformation was the logarithmic one.

Finally, each one of the wetlands will be considered as random effects.

These types of models are considered as the measurements are taken longitudinally, as an individual, or
wetlands in this case are measured over time which cannot guarantee the independence of the
measurements (Brown & Prescott, 2006). Traditional statistical models require independence among them.

To model the possible structure of the correlation matrix of the errors three types of
structures are taking into account:

Structure of variance component
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Compound Symmetry Structure

Autoregressive Structure order 1

The choice of the structure of the variance matrix was carried out using the Akaike Information Criterion
(AIC). This is a criterion for selecting statistical models while preserving the principle of parsimony.  The
model to be estimated is given by the equation shown below:

Where:

Is referred to the efficiency measurement of the i ecime wetland in the j ecime week.

mean overall efficiency

The random effect attributable to the i ecime wetland which is assumed distributes normally with mean
0 and variance .

Is the effect of the presence of plants in removal efficiency of the wetland.

Is the effect of the difference in efficiency between the scales of wetlands.

Is the effect of the presence of worms in the removal efficiency of the wetland.

Is the effect of applying recirculation in the removal efficiency of the wetland.

Corresponds to the SLR applied to i ecime wetland on day j. In some cases as was mentioned
previously, a transformation must be applied.

Is the regression coefficient associated to the covariate SLR applied.

Is the time (in weeks) of the j ecime measurement for the i ecime wetland.
.
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Is the regression coefficient associated to the covariate time.

Random error in the i ecime wetland of the j ecime measurement (in weeks), it is assumed normally
distribution with mean 0 and variance which will assess its correlation structure.

A confidence level of 95% was considered in hypothesis.  The tests to be contrasted are:

The presence of Cynodon spp. plant influences the removal efficiency

There is a difference among efficiency in FS and PS units

The presence of earthworms influences the removal efficiency

There is a difference between efficiency when recirculation is applied

The solids load applied covariate influences the removal efficiency

There is a tendency in the removal efficiency over time.

The validation of the assumptions presented in the adjusted models is based on the analysis of the residuals,
which represents the values of the response variable that cannot be explained by the model. The two main
assumptions to consider are: The residuals are distributed approximately normal and also shows
homogeneity of variances. For this purpose two types of graphics are performed:

The adjusted values of measurements in the model versus their residuals in order to analyze the
homogeneity of variance.
A QQ plot, in which quantile of the residuals versus the theoretical quantiles of the normal
distribution graph are done. It is intended to validate the assumption that the residuals are
distributed approximately normal.

The statistical processing was performed on a statistical program called R, through the nlme library.
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VALIDATION OF MODEL ASSUMPTIONS FOR PHASE 2

For the accurateness of analyses and models used, assumptions must be validated.  The graphs to validate
the assumptions of the models are presented below (Figures A-1,A-2, A-3, A-4 and A-5). In general, in
terms of the homogeneity of variance, the residuals graphics versus fitted values do not show that there is a
pattern which alters the residual variability. Also, these graphs outliers are not found. On the other hand, to
analyze the event that residual are distributed approximately normally, it was found that for TVS, TS, and
TKN models, the plotted points are above the straight line, suggesting that this assumption holds, whilst
models for the efficiency of TCOD and BOD5 presented some slight deviations from the drawn straight
line, however those are not considered serious deviations in the model. To validate the normality
assumption formally, Shapiro Wilk test was used and verified the null hypothesis that the residuals are
distributed approximately normal.

Table B-2 Shapiro Wilk Test
TVS TS TKN TCOD BDO5

Shapiro Wilk
Test

0,8081 0,9067 0,9494 0,2567 0,987

From the above table, it is concluded with a confidence level of 95% that the normality assumption is
satisfied for the five models (TVS, TS, TKN, TCOD and TBOD5).

Figure B-1 Validation of TSV model assumptions
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Figure B-2 Validation of TS model assumptions

Figure B-3 Validation of TCOD model assumptions
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Figure B-4 Validation of BOD5 model assumptions

Figure B-5 Validation of TKN model assumptions
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ANOVA ANALYSIS FOR PHASE 2

Table B-3 ANOVA for TS, TVS, TCOD, TBOD and TKN in Phase 2
Parameter Description numDF denDF F-value p-value

TS

(Intercept) 1 59 30,1007 <.0001

Time 1 59 15,1007 0,0003

log(SLR) 1 59 705,7929 <.0001

Plants 1 3 0,0335 0,8664

Size of the wetland (Full
Scale or Pilot)

1 3 0,004 0,9538

Recirculation 1 3 0,0053 0,9465

Worms 1 3 0,3188 0,6118

TVS

(Intercept) 1 51 30,11338 <.0001

Time 1 51 5,7088 0,0206

log(SLR) 1 51 268,70238 <.0001

Plants 1 3 0,00391 0,9541

Size of the wetland (Full
Scale or Pilot)

1 3 0,04166 0,8513

Recirculation 1 3 0,14622 0,7277

Worms 1 3 0,0563 0,8277

TCOD

(Intercept) 1 52 83,39709 <.0001

Time 1 52 0,74387 0,3924

log(SLR) 1 52 153,23328 <.0001

Plants 1 3 0,02012 0,8962

Size of the wetland (Full
Scale or Pilot)

1 3 1,53255 0,3038

Recirculation 1 3 0,16767 0,7097

Worms 1 3 1,15524 0,3612

BOD

(Intercept) 1 59 126,2732 <.0001

Time 1 59 4,94009 0,0301

log(SLR) 1 59 93,39095 <.0001

Plants 1 3 0,03368 0,8661

Size of the wetland (Full
Scale or Pilot)

1 3 1,49239 0,3091

Recirculation 1 3 0,27174 0,6382

Worms 1 3 0,10545 0,7667

TKN

(Intercept) 1 35 60,71302 <.0001

Time 1 35 1,33056 0,2565

log(SLR) 1 35 2,19443 0,1475

Plants 1 3 0,07188 0,806

Size of the wetland (Full
Scale or Pilot)

1 3 13,69313 0,0343

Recirculation 1 3 1,25349 0,3444

Worms 1 3 0,07999 0,7957
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Appendix C

Figure C-1 Effluent generator data

Figure C-2 Company responsible for the collection and transport of septic effluents
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Appendix D

Pilot Scale System
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Figure D-1 Plants monitoring in PSS - Phases 1 and 2
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Full Scale System
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Figure D-2 Plants monitoring in FSS Phases 1 and 2
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