
 
 

 
  

 

Effects of operational strategies in 
the performance of a real scale 
vertical flow constructed wetland 
for septic tank sludge treatment 

Case study in Minas Gerais, Brazil 
 

Rodrigo Manuel López Ávila 
 
MSc Thesis, UWS-SE-2016 
 
May 2016 
 
 



 
 

 
  



 
 

 

Effects of operational strategies in the 
performance of a real scale vertical flow 

constructed wetland for septic tank 
sludge treatment 

Case study in Minas Gerais, Brazil 
 

 

Master of Science Thesis 
 by  

Rodrigo Manuel López Ávila 

Mentor
Carlos Arturo Madera Parra, Eng., MSc., PhD Assistant Professor, Universidad del 

Valle, Colombia 

Examination committee
Marcos von Sperling, Eng., MSc., PhD., Professor, Federal University of Minas 

Gerais, Brazil 
Martin Mulenga, MSc., PhD., UNESCO-IHE Institute for Water Education, The 

Netherlands  
 

 

This research is done for the partial fulfilment of requirements for the Master of Science degree at the  
UNESCO-IHE Institute for Water Education, Delft, the Netherlands 

Delft 
May 2016 



 
 

 
  



 
 

 

Although the author and UNESCO-IHE Institute for Water Education have made every effort 
to ensure that the information in this thesis was correct at press time, the author and 
UNESCO-IHE do not assume and hereby disclaim any liability to any party for any loss, 
damage, or disruption caused by errors or omissions, whether such errors or omissions result 
from negligence, accident, or any other cause. 
 
© By Rodrigo Manuel López Ávila, 2016. 
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 
International License. 



 
 

 
 
 



 i

 
 

 Abstract 
The septic tank is considered the most common onsite wastewater treatment technology; 
although not prioritized by many sanitation agencies, septic tank installations will continue to 
serve the ever growing peri-urban areas in developing countries as well as isolated small 
communities all over the world. As a consequence, the generation of septic sludge will continue 
increasing for years to come. On the other hand, the lack of knowledge in septic sludge 
management has cause serious pollution to terrestrial and aquatic environments. 
 
The use of VFCW for septage treatment has shown promising results since its first 
implementation and is of potential interest for developing countries, especially with tropical 
climates. Nonetheless, further research work in operational strategies and economic post 
treatment alternatives should be addressed in order to obtain acceptable effluent qualities 
according to the final disposal and agricultural reuse regulations 
 
In this research, it was evaluated the performance of two different operational strategies in a 
full-scale sludge drying reed bed system, consisting of two VFCW units (W1 and W2) planted 
with Cynodon dactylon Pers, for the treatment and post treatment of septic tank sludge. For this 
reason, it was evaluated the removal of COD, BOD5, TKN, NH4

+, TS, TVS and E. coli from 
the liquid fraction; as well as, the pathogenic contamination of the accumulated sludge layer in 
terms of Total coliforms (NMP/gTS), Escherichia coli (NMP/gTS) and viable Ascaris 
Lumbricoides eggs (viable egg/g). 
 
The two operational strategies (OS) were (i) OS2: after sludge application, the percolate from 
W1 was retained for 6 days inside this unit, after which it was sent to W2 for post-treatment, 
without any retention in this unit; (ii) OS3: the percolate from W1 was retained for 6 days 
inside this unit for initial treatment, after which it was sent to W2 for post-treatment, 
remaining there for another period of 6 days.  
 
The OS2 achieved global removal efficiencies (%), for the percolated fraction, of 89, 98, 78, 
82, 56 and 73 for COD, BOD5, NH4

+, TKN, TS and TVS respectively, as well as 2.4 log removal 
units of E. coli. While the OS3 achieved global removal efficiencies (%) for the percolated 
fraction of 94, 90, 68, 87, 68 and 82 for COD, BOD5, NH4

+, TKN, TS and TVS respectively, 
as well as 4.2 log removal units of E. coli. According to the statistical analysis performed, the 
OS3 improved significantly the removal efficiencies of COD, TS, TVS and E. coli. 
 
It was concluded that OS3 is not worth it for peri-urban or urban regions where the land area is 
very expensive or not available at all. Nonetheless, for small remote communities this could be 
a worthwhile option in order to reuse the percolated effluent in restricted irrigation. 
 
Regarding the accumulated sludge layer, its pathogenic quality was not good enough during the 
operational stage, considerable concentrations of E. coli and viable eggs of Ascaris 
lumbricoides were present; therefore, it would require a treatment for reuse in agriculture or as 
soil conditioning. 
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CHAPTER 1  

Introduction 
 
 

1.1. Background 
 
In the past, the concern for managing the faecal sludge (FS) was very low; the sanitary 
engineering field was focused on the development of centralized wastewater treatment 
technologies. For many years was considered that sewer-based systems would be the most 
suitable solution for sanitation (Strande et al. 2014). However, the time has shown a different 
reality for low and middle income countries where the accelerated population growth, the lack 
of investment in sanitation infrastructure and the abandonment and failure of centralized 
systems has led to the adoption of decentralized technologies as the only alternative for proper 
sanitation.  
 
On site sanitation technologies, such as pit latrines, dry toilets, aqua privies, septic tanks, etc., 
are the source of FS generation; the collection and haulage of generated products is a major 
sanitation challenge. The lack of knowledge in FS management is a very critical factor which 
has led to the uncontrolled discharge of raw sludge in clandestine wells, superficial water bodies 
or its reuse in the agricultural field without treatment. As a consequence, the terrestrial and 
aquatic environment is being contaminated and the risk for transmission of gastro-intestinal 
infections is higher (Strauss et al. 2006). 
 
Lately more attention has been given to improvement of the FS management, including the 
development of suitable treatment technologies like drying beds or vertical flow constructed 
wetlands. This is particularly the case in several West African cities, in south east Asia and in 
Latin America countries (Strauss and Koné 2004). 
 

1.2. Problem statement 
 
Although not prioritized by many sanitation agencies, on site installations will continue to serve 
the ever growing peri-urban areas in developing countries as well as isolated small communities 
all over the world. Consequently the generation of faecal sludge will continue increasing for 
decades to come (Strauss et al. 2006). 
 
Among the different sources of FS generation, the septic tank is one of the most predominant 
forms of storage and pre-treatment systems for excreta and wastewater (Koottatep et al. 2004). 
However, this source implies the necessity of desludged large volumes of septic matter, because 
in this process solid and liquid fractions are pumped out together. 
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Technologies used for FS treatment in developed countries include co-treatment with activated 
sludge or physicochemical dewatering processes for wastewater like coagulation and 
flocculation, yet the application in developing countries is limited due to the high operational 
costs and lack of skills labour (Koottatep et al. 2004).  
 
Therefore, the challenge is to apply a treatment technology for FS treatment comprising low 
investment cost, simple construction and uncomplicated operation while guaranteeing 
satisfactory performance (Koottatep et al. 2004; Castro Furtado 2012).That is why, in recent 
years, different research groups have been focusing on developing solutions for faecal sludge 
treatment suitable for low and middle income countries and which also take into consideration 
the reuse of the byproducts. 
 
It is important to highlight that the exposure to untreated FS is always a pathogenic health risk 
(Strande et al. 2014). Therefore, the selected technology also has to reduce the number of 
excreta-related pathogens for avoiding further environmental transmission of the diseases, 
particularly if the biosolids material will be used for agricultural purposes. 
 
The use of VFCW for treating waste activated sludge is a development of the last 15-20 years. 
Nowadays, this technology represents a state of the art solution for sludge treatment (Stefanakis 
et al. 2014); following the same principles, the septage treatment has shown promising results 
since its first implementation at laboratory-scale in France, as Koottatep et al. (2004) 
mentioned. This technology is of potential interest to developing countries, especially with 
tropical climates, because with one structure is possible to achieve the treatment of the solid 
and liquid fraction without any primary treatment before (Silveira et al. 2015). 
 
VFCW have shown high removal rates in TS, COD and TKN in different studies around the 
world (Troesch et al.  2009; Kengne et al. 2011; Calderón-Vallejo et al. 2015). Nonetheless, the 
quality of the percolated liquid is still polluted for discharging into the environment, therefore 
it is always needed a second or furthermore treatment stages. 
 
Among the remaining contaminants, the total nitrogen (TN) concentration is one of the major 
concerns because the VFCW systems may provide complete nitrification but does not provide 
denitrification, so during the first stage only a partial process of nitrogen transformation is 
achieved as a result the percolated liquid is high in nitrate concentration.  
 
The use of hybrid systems, which combine VFCW followed by horizontal flow constructed 
wetland, is an option to complete the remaining phase of the process to remove nitrogen, since 
the denitrification proceed in the second stage (Vymazal 2013). But remembering the main 
challenge of the FS treatment, this option would imply additional infrastructure, land demand 
and thus, more economical resources. 
 
Lately, different configurations and operating procedures are being studied in VFCW to 
improve TN removal rates in a single stage VFCW, however the evaluation of these are barely 
focused on the faecal sludge treatment. 
 
Regarding the hygienic quality, it has been proved that CW systems are capable of remove 
pathogen contamination; nonetheless, for VFCW there is still disparity in elemental knowledge 
on the pathogen removal processes due to the limited research (Stefanakis et al. 2014). The 
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presence of pathogenic microorganisms in the effluents and the accumulated biosolids on the 
VFCW represents a potential risk for public health, by reason of waterborne diseases 
transmission in surface and groundwater or when agricultural reuse is intended (Kivaisi 2001). 
Therefore, it is important to select and analyze indicators of pathogenic activity in order to know 
the level of pathogen removal during the treatment (Strande et al. 2014).  
 
Consequently, further research work in operational strategies and economic post treatment 
alternatives, for VFCW treating septage, should be addressed in order to improve the removal 
of TN and pathogens; then, obtain acceptable effluent qualities according to the final disposal 
and agricultural reuse regulations. 
 

1.3. Justification 
 
Is estimated that more than 79 millions of people discharge its wastewater in septic or 
rudimentary tanks, which represents the 42% of the total households in the country (Andreoli 
2009). The septic tank is one of the most utilized onsite sanitation technologies in Brazil; Suntti 
2010 cited that: until 2007, more than 12 million of households make use of septic tanks for the 
domestic wastewater treatment, according to the Brazilian Institute of Geography and Statistic 
(IBGE, for its acronym in Portuguese). 
 
According to information published by the Brazilian Association of Technical Standards 
(ABNT, for its acronym in Portuguese) each householder, on average, contribute 130 L/day of 
wastewater which is equivalent to the production 1 L/day of fresh sludge. Considering the 
previous data, at least 43 million L/day of fresh sludge are produced in onsite sanitation 
technologies in Brazil. Of this amount, approximately 75% is reduced due to the biodegradation 
in the tanks, giving as a result 19.75 million L/day of septage produced (Andreoli 2009). 
 
The removal of excess septic sludge occurs by private services of collection trucks; this activity 
is generally implemented without supervision, bringing about illegal dumping actions (Castro 
Furtado 2012). Despite the fact, in recent years, Brazil has focused more in the management of 
the sludge produced in centralized treatment plants than in the sludge generated in on site 
sanitation systems. As a consequence there is a lack of alternative procedures for septage 
handling by private and public sector, resulting in an inadequate management (Andreoli 2009).  
 
This research took place in the metropolitan region of Belo Horizonte, Minas Gerais, Brazil; 
the regularized septic sludge collection companies, from this region, discharged in the 
preliminary treatment section of the two main municipal wastewater treatment plants, namely 
Arrudas and Onça. Nonetheless, companies with lower cap are not registered and end up 
discharging in private treatment plants or harmful places to the environment (Franco Andrade 
2015). 
 
Therefore, the main purpose of this research is to evaluate the VFCW technology as a viable, 
flexible and effective option for septic tank sludge treatment; not only for the Minas Gerais 
region, but also for the urban, peri-urban and rural areas around the world, with similar climates, 
that confront same sanitation problems.  
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1.4. Project background 
 
This thesis research is derived from the ongoing doctoral project entitled “Behavior Evaluation 
of Vertical Flow Constructed Wetlands for Combined Treatment of Domestic Wastewater and 
Septic Tank Sludge” at the Federal University of Minas Gerais, Brazil (Manjate 2016). 

With regards to the septic tank sludge treatment, the mentioned project looks into the operation 
and analysis of a full scale sludge drying reed bed (SDRB) system treating septage from the 
city of Belo Horizonte, Brazil. The SDRB system consists of two VFCW units, namely W1 and 
W2. 
 
Three different operational strategies (OS) were studied, its duration periods are presented in 
the Table 1. The present thesis field work started on September 2015, so this covered the last 
part of OS2 and the complete OS3. 
 
The whole study is part of the broad project entitled “Stimulating Local Innovation on 
Sanitation for the Urban Poor in Sub-Saharan Africa and South East Asia” funded by The Bill 
and Melinda Gates Foundation and coordinated by UNESCO-IHE. 

Table 1-1. OS periods throughout the project 

Operational 
strategy 

Period in operation 

Started  Finished 

OS1  November 2013  March 2015 

OS2  Abril 2015  October 2015 

0S3  November 2015  March 2016 

 
 

1.5. Research objectives 
 

1.5.1. Main objective 
 
To evaluate, at full-scale, the performance of a sludge drying reed bed system (SDRBS) planted 
with Cynodon dactylon Pers for the treatment of septic tank sludge, operating with two different 
operational strategies (OS2 and OS3). 
 
1.5.2. Specific objectives 
 
From the main objective, the following specific objectives are derived: 
 
a) To evaluate the effect of the operational strategies in the performance of the vertical flow 

constructed wetland in terms of removal of COD, BOD5, TKN, NH4
+, TS and TVS  

 
b) To evaluate the removal of pathogenic contamination in the percolated fractions of the unit 

W1 and the unit W2, in terms of Escherichia coli (NMP/100ml) 
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c) To evaluate the pathogenic contamination in the accumulated sludge layer in terms of Total 
coliforms (NMP/gTS), Escherichia coli (NMP/gTS) and viable Ascaris Lumbricoides eggs 
(viable egg/g) 
 

d) To compare the performance of both operational strategies each other 
 

1.6. Research questions 
 
1) Does the operational strategy three improve the physicochemical and microbiological 
removal efficiencies reached by the operational strategy two? 
 
2) Is the circulation of percolated fraction to the unit W2 a secondary treatment option 
worth? 
 
3) Is the quality of the accumulated sludge layer in unit W1, in terms of pathogens, suitable 
for agricultural purposes? 
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CHAPTER 2  

Literature review 
 
 

2.1. Faecal sludge definition and characteristics  
 
Faecal sludge is the product generated from onsite sanitation technologies where the excreta, 
blackwater and greywater (in some cases) are combined, stored and/or treated. Onsite 
technologies include pit latrines, dry toilets, aqua privies, septic tanks, etc. (Strande et al. 2014).  
 
It can be asserted that there exist as many different types of FS as onsite sanitation technologies, 
because each one involves a specific proportion of excreta, black or grey water collected as 
well as different ways and times of storage, resulting into different compositions. Moreover, 
there are many outsider factors, as meteorological conditions, intrusion of groundwater, 
geology composition, water supply characteristics or emptying technology, which can also 
cause a change in the FS characteristics. 
 
The huge differences that exist among the physical and chemical characteristics of FS make its 
characterization a critical step before selecting any treatment technology. The variability is 
mainly caused by the anaerobic degradation process in onsite sanitation systems (Dangol 2013). 
In contrast to wastewater characteristics, that are already well known, the availability of FS 
information is very limited (Halalsheh et al. 2011). 
 
For example, Bassan et al., (2013), conducted a study to assess the physical and chemical 
characteristics of raw FS collected from five sites in Ouagadougou, Burkina Faso, and the 
results showed a high variability among the different samples analyzed, as can be seen in the 
table 2-1. 
 
Another example is the wide scale characterization of FS in Hanoi, Vietnam, executed by 
Schoebitz et al. (2014). Just the results of the first ten household samples, displayed in table 2-
2, already show a great variability; standard deviations were between 67% and 85%. They 
conclude that, in Hanoi, demographic distribution is not a strong predictor for the variability of 
FS characteristics. 
 
Anyhow we should not lose sight of the large and diverse nutrient content in FS, hence the need 
to exploit its possible reuse in different fields. As an example, Schouw et al., (2002), proved 
that excreta and grey water contain higher amount of nutrients than solid biodegradable wastes, 
encouraging to use it as a valuable source in agricultural sector. While Durante Ingunza et al., 
(2013), demonstrate the feasibility of septic tank sludge as raw material in the red ceramic 
industry. Lately other solutions, such as using the dry faecal sludge as solid fuel, have been 
studied; Muspratt et al., (2014), analyzed the calorific values of raw faecal sludge from Kumasi 
(Ghana), Dakar (Senegal) and Kampala (Uganda), making it evidently clear its similarity with 
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other utilized biomass fuels (data shown in Figure 2-1). They concluded that this sanitation 
solution would be possible if the sludge drying cost is less than the cost obtained for the 
resulting fuel. 

Table 2-1. FS characterization for dry and rainy seasons, and pit latrine and septic tanks (Bassan et al. 2013) 

Parameters 

FS sampled during 
dry season 

FS sampled during 
rainy season 

Average of all samples 
collected (rainy and dry 

season) 

FS from pit 
latrines only 

FS from septic 
tanks only 

Mean 
Standard 
Deviation 

Mean 
Standard 
Deviation 

Sample 
size 

Mean 
Standard 
Deviation 

Mean 
Standard 
Deviation 

Mean 
Standard 
Deviation 

SVI (ml/gTSS)  29  9  26  12  108  27  11  25  8  24  11 

TS (mg/L)  10658  8264  12919  12919  108  11820  9781  13349  10755  8984  8926 

TVS (% TS)  53  ‐‐‐  61  ‐‐‐  104  58  ‐‐‐  58  ‐‐‐  57  ‐‐‐ 

TSS (mg/L)  6826  5032  11084  10406  108  9014  8480  10982  10700  7077  7478 

VSS (% SS)  72  ‐‐‐  60  ‐‐‐  108  64  ‐‐‐  64  ‐‐‐  74  ‐‐‐ 

COD (mg/L)  9355  6538  11973  11492  106  10725  9508  12437  12045  7607  6718 

BOD5 (mg/L)  1839  1236  1981  1454  89  1902  1332  2126  1480  1453  1237 

COD:BOD5  5.3  3.3  6.9  5  89  6.1  4.2  5.8  3.3  6.7  6.5 

NH4
+ (mg/L)  ‐‐‐  ‐‐‐  1230  732  25  1230  732  ‐‐‐  ‐‐‐  ‐‐‐  ‐‐‐ 

 

Table 2-2. FS characterization for ten household septic tanks in Hanoi (Schoebitz et al. 2014) 

Parameter  Mean 
Standard 
deviation 

Minimum  Maximum 

TS (mg/L)  26471  20786  5020  71007 

VS (% TS)  19395  14092  3421  47440 

COD (mg/L)  37541  25283  4233  83000 

SCOD (mg/L)  713  604  73  1850 

 

 

 

 

 
 
 
 
 
 

Figure 2-1. Average calorific value of raw faecal sludge from Kumasi (n=11), Dakar (n=26) and Kampala (n=29), and 
WWTP sludge from Kampala (n=4) compared with traditional biomass fuels (Muspratt et al. 2014). 
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2.2. Septic tank technology 
 
The USEPA (1980) define the septic tanks as wastewater recipients, watertight and design to 
separate the solids from the liquid fraction. Within, the accumulated solids experience a limited 
digestion, giving place to the septic sludge; materials and substances less dense than water rise 
to the surface forming the scum (NYSDOH 2012). This technology is considered the most 
common onsite treatment technology worldwide (Kaplan 1991; Koottatep et al. 2004).  
 
According to the NYSDOH (2012) (New York State Department of Health) these systems 
should be designed with a minimum retention time of 36 hours to create a propitious anaerobic 
environment for biological decomposition. In contrast, Andrade Neto (1997), cited by Suntti 
(2010), states that a retention from 12 to 24 hours is enough to reach the sedimentation of 60% 
to 70% of total suspended solids, which translates to good performance. 
 
The septic sludge accumulation is the limiting factor for the proper functioning of the system, 
because of the fact that excess of solid particles start flowing through the effluent (Charles and 
Chukwuemeka 2012). Accordingly, septic tank maintenance is essential for getting good 
effluent qualities. The units should be inspected at no more than every 2 years (USEPA 1980). 
If the sludge bed is within 25 cm of the bottom of the outlet orifice, septic solids must be 
pumped out (NYSDOH 2012). Lack of maintenance and desludging is related to the increase 
of organic matter and bacterial presence in the septic tank effluents, converting this treatment 
systems as multi pollutant hotspots (Richards et al. 2016). 
 

2.3. Septage definition and characteristics 
 
The maintenance of septic tanks consists of the removal, mechanically or manually, of the 
sediments generated during the physical and biological treatment process. In this procedure, 
generally, both the liquid and solid fractions are extracted simultaneously and the removed 
mixture is called septage (Solomon et al. 1998). 

The septage contains elevated levels of grease, grit, hair, large solids and pathogen 
contamination rate. Its strong characteristics are due to the prolonged accumulations of sludge 
and scum within the tank. Its anaerobic nature results in the presence of offensive odour 
compounds and a high fraction of unbiodegradable COD (USEPA 1994a).  

Another important feature is the highly variability of its chemical and physical characteristics. 
It has been evidenced that variation is owing to several factors as: 

 Septic tank size, design and maintenance 
 Septic tank influent source (domestic, commercial, industrial, mixed) 
 Water supply and its usage (habits of users) 
 Climate conditions 

(Solomon et al. 1998) 

It is essential to know about the septage characteristics and its variability when selecting a 
proper handling method, treatment and final disposal (USEPA 1994b).  
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As an example, Andreoli (2009) conducted a large characterization of septage in Brazil, the 
framework of the data collected was done based on the following categories: 

a. Single family residences 
b. Multiple family residences 
c. Services (malls, supermarkets, bus stations, churches, etc.) 
d. Hospitals 
e. Lodgement (hotels, motels, temporary condominiums, etc.) 
f. Restaurants 
g. Mixed (different sources discharging in the same tank) 

The variability of COD, TKN, NH4
+

 and solids are displayed in figures 2-2, 2-3 and 2-4, 
respectively. 

The highest values of COD were presented at the single family residence and restaurant 
category, the remaining showed similar results. TKN values showed great variability however 
it can be noted that ammonia nitrogen was predominantly higher than organic nitrogen, except 
in single family residences and lodgement septic tanks. The TS average concentrations were 
from 2000 mg/L to 7000 mg/L; the TVS is high in all categories, but its presence more evident 
in the restaurant and lodgement categories. The TSS fraction presented high variability, where 
the restaurant residues presented, by far, the lowest concentrations (Andreoli 2009). 

 

 

Figure 2-2. Comparison of the median COD values in the septage according to its source. 
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Figure 2-3. Comparison between the median TKN and NH4
+

 values in the septage according to its source.  

 

Figure 2-4. Comparison among the median TS, TVS, TSS and VSS values in the septage according to its source. 
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2.4. Septage in Brazil 
 
In Brazil the septic tank technology was massively spread during the early 1930s. It was, 
however, until the 1960s when sanitary regulation, focused on the design and operation, started 
to be applied in order to reinforced this method (Andreoli 2009). 
 
In the urban area of Brazil, 57.4% of the population are connected to a sewer system. From the 
fraction without sewer collection, 23.6% utilize septic tanks and 14.1% utilize rudimentary 
tanks as a sanitation technology and these percentages are equivalent to more than 59 millions 
of people. On the other hand, in the rural areas 45.7% depend on onsite sanitation while the rest 
of the population does not collect or treat their wastewaters at all (Andreoli 2009). 
 

Table 2-3. Estimated population served by septic and rudimentary tanks in urban and rural areas in Brazil (Andreoli 2009) 

Area  Population 
Septic 
tanks 

Population 
served by 
septic 
tanks 

Rudimentary 
tanks 

Population 
served by 

rudimentary 
tanks 

Population 
served by septic 
and rudimentary 

tanks 

Septic and 
rudimentary 

tanks 

Urban  158453  23.6%  37347372  14.1%  22357728  59705090  37.7% 

Rural  31368  18.4%  5771712  45.3%  14215978  19987690  63.7% 

Brazil  189820  22.7%  43119084  19.3%  36573696  79692780  42% 

 
 

2.5. Septage management 
 
Many different alternatives for septage management are exhibited in literature, nonetheless two 
general and basic overviews will be highlighted: the approach of the United States 
Environmental Protection Agency (USEPA) and the Research Program in Basic Sanitation 
(PROSAB for its acronym in Portuguese). 
 
The USEPA propose three general scenarios for septage management: i) land application, ii) 
treatment at the municipal wastewater treatment plant and iii) an independent treatment such as 
alkali stabilization, anaerobic digestion, composting, stabilization lagoon and chlorine 
oxidation. The selection will depend on factors like septage volume to treat, existing 
infrastructure and land availability  (USEPA 1999). 
 
On the other hand, the PROSAB laid out a different approach, that septage requires specific 
treatment levels according to the constituent materials that have to be removed or stabilized; 
therefore, he came up with the following steps: i) a preliminary treatment to separate the solid 
from the liquid phase. ii) treatment for the solid phase, iii) treatment for the liquid phase and 
iv) agricultural recycling or landfill (Andreoli 2009). 
 

2.6. Pathogens in faecal sludge 
 
Human and animal faeces contain high amounts of pathogenic microorganisms which represent 
an important public health risk due to its direct or indirect exposure (Strande et al. 2014). The 
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content and variability of pathogens in faeces depend in the health condition of the people which 
usually is related to the place where they live (Jiménez et al. 2009).  
 
The pathogens present in human faeces comprise bacteria, virus, parasitic protozoa and 
helminths (Strande et al. 2014); according to the USEPA, in just one gram it is possible to find 
up to 1 trillion different bacteria, as Lusk et al. (2011) quoted. Since it is not feasible to measure 
all of them, specific indicator bacteria, such as faecal coliforms and faecal streptococci, have 
been selected to reflect the presence of human pathogens (Lusk et al. 2011). 
 
Faecal coliforms are useful indicators, however, additional microorganisms should be 
considered for specific purposes, namely agriculture or aquaculture. As in the case of helminth 
eggs; these high-resistant pathogens are commonly detected in the faecal residues of regions 
where poor sanitation conditions prevail (Navarro et al. 2009).  
 

Table 2-4. Feachem’s environmental classification of excreta-related diseases (Mara 2003) 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Literature review 13

 

Therefore, the helminth ova as an indicator in the reuse of faecal sludge, is suitable because of 
its resistance to exposure of environmental conditions (i.e. UV light, oxygen, dry weather) for 
prolonged periods, circumstances that viruses, bacteria and protozoa do not (Jiménez 2006a). 
 
The diseases related to pathogenic microorganisms are multiple and not helpful to know in the 
engineering field. Therefore, a classification according to their environmental transmission 
route was developed. In Table 2-4, Feachem and Mara environmental classification of excreta 
related diseases is shown and this consists in seven categories. The first five categories show 
pathogens in the faeces which can be transmitted from to another and the last two categories 
where the diseases are spread by insects or rodents (Mara 2003). 
 

2.7. Wetlands 
 

2.7.1. Natural and constructed wetlands 
 
Natural wetlands are transitional areas between terrestrial and aquatic ecosystems and they can 
be fully or partially be covered by water. This characteristic is the main factor that determines 
the nature of the soil, types of plants and animal presents there (Kadlec and Wallace 2009). 
They not only operate as a filter, retaining the pollutants from water that flows through on its 
way to lakes, streams and oceans, but also as receptors that can control flood incidents. In recent 
years these capacities are gradually being more and more recognized (Stefanakis et al. 2014). 
This realization has awaken the interest for applying this capacity as a technology (Stefanakis 
et al. 2014). The constructed wetlands (CW) were design by humans to replicate those 
capacities under controlled environmental conditions.  
 
According to their function and purpose, Stefanakis et al. (2014) classify the CW in the 
following categories: 
 

i. CW for habitat creation. 
ii. CW for flood control. 

iii. CW for wastewater treatment. 
 

2.7.2. CW for wastewater treatment 
 
The implementation of CW as a technology for wastewater treatment is gradually increasing, 
so its development is continuous. 

Vymazal (2014) classified the CW by three important criteria. The different types can be 
combined to improve performance. 

1. Hydrology. - Open water surface flow and sub-surface flow. 
2. Plant growth pattern. - Emergent, submerged, free floating and floating leaved. 
3. Fluid flow in sub-surface wetlands. - Horizontal and vertical. 

At first, the main interest was in horizontal flow constructed wetlands (HFCW) due to their 
simple operation and the low construction and operational cost. Nonetheless its limited oxygen 
transfer capacity does not permit the complete nitrification process. So over the past decade the 
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VFCW technology has received more interest because of its higher oxygen transfer capacity 
(OTC) and smaller footprint required (Cooper 1999). 
 

 

Figure 2-5.  Classification of constructed wetlands for wastewater treatment (Vymazal 2007) 

2.8. Vertical flow constructed wetlands (VFCW) 
 
The VFCW setup consists of a bed filled with graded gravel and a sand layer with macrophytes 
on the top. The feeding way is with intermittent large batches, attempting to flood the surface; 
in this way the fluid percolates down through the gravel layers taking all the air present in the 
empty spaces, so for the next batch it is necessary to wait until all the liquid is drained and the 
empty spaces refilled with air (Vymazal 2011). The use of perforated pipes, buried in the gravel 
layers, induce a passive aeration improving oxygenation in the deeper zones (Stefanakis et al. 
2014). 

 

Figure 2-6. Schematic presentation of a VFCW (Stefanakis et al. 2014) 
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The French VFCW system is a design developed by Cemagref and widely applied in the 
small communities of France as wastewater treatment plants. A typical French system 
consists of 2 stages of VFCW (Esser 2012). The first stage receives the raw wastewater, or 
sludge, during a feeding phase of around 3 or 4 days, then the unit rests for twice as long as 
the previous phase in pursuance of maintain an aerobic environment within; then, the effluent 
from the first stage is sent to the second one, which is composed by a finer filter medium and 
have the main function to nitrify the remaining nitrogen compounds (Molle et al. 2005).  
 

2.8.1. Sludge treatment wetlands 
 
The VFCW have been implemented for the treatment of waste activated sludge, primary sludge 
and septage. It was in Europe, around 1986/1988, when these first sludge treatment systems 
were introduced (Nielsen 2006).  
 
According to Stefanakis et al. 2014, four different stages conform the life cycle of these 
systems: 
 
1) Start-up phase: Once the construction is finished, the selected vegetation is planted and 
acclimated with regular watering (using low-strength sludge). Initially the SLR are applied in 
lower concentrations until vegetation is completely adapted to the new environment; then it is 
gradually increased to avoid plant stress and withering, until it reaches the design parameters. 
This commissioning phase should take at least 3 or 4 months (Dodane et al. 2011; Stefanakis 
et al. 2014). 
 
2) Operational phase: The sludge is poured evenly on the surface; hydraulic distribution is 
essential for a good performance (Dodane et al. 2011). The water content is rapidly percolated 
through the soil layers and evapotranspirated by the reeds, while solids residues remains on the 
top. The accumulated sludge layer will be increasing as feeding periods goes on (Uggetti et al. 
2012). The feeding period is followed by a resting time, which have to be long enough to allow 
drainage and evapotranspiration processes. Both, loading and resting, periods are design 
considering different variables as: influent sludge characteristics, available area and climate 
(Stefanakis et al. 2014). 
 
These systems have the advantage of operating for many years without removing the residue 
layer. Stefanakis and Tsihrintzis (2011) mentioned that these systems can receive continuous 
loads from 5 to 10 years before the final resting stage. Actually, as the sludge layer increase, 
processes like filtration, adsorption, liquid distribution, water retention and biological activity 
also improve (Molle 2014; Käfer 2015). Specifically, the more TS content in the top residue 
sludge layer, the more efficient is the sludge treatment wetland.  
 
The operational phase concludes when the sludge layer reaches the maximum height of design. 
These systems should be able to store at least 1 m of sludge residue, equivalent to 8 – 10 years 
of operation (Uggetti et al. 2010). 
 
3) Final resting phase: Sludge loadings stop and solids remain in order to improve the 
stabilization and mineralization. This phase could take from 1 month until 1 year, depending 
on the characteristics of the final product (Stefanakis et al. 2014). 
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Another benefit is the high dewatering efficiency of the accumulated sludge, in most cases 
higher than 90% on the initial volume of sludge (Stefanakis et al. 2014). In this case, the results 
are similar as those obtained by mechanical methods such as centrifuges, vacuum filters and 
filter belt presses (Uggetti et al. 2010).  
 
Nevertheless, the results previously commented on are only possible with the presence of 
vegetation. Plants enhance the sludge treatment through increased evapotranspiration, hydraulic 
conductivity and mineralization of organic solids (Nielsen 2006; Stefanakis and Tsihrintzis 
2011; Uggetti et al. 2012).  
 
It is important to mention that weather conditions are critical in order to achieve good results. 
As example, figure 2-7 shows the SLR applied in different sludge treatment wetlands around 
the world with respect to TS content on the top residual sludge layer.  
 
4) Removal of the sludge layer: After the final resting phase most of the sludge layer is removed, 
leaving just about 10 to 15 cm to facilitate the next start-up phase (Stefanakis et al. 2014). 
 

 

Figure 2-7. Typical SLR and respective TS content of the residual sludge in sludge treatment wetlands from various 
countries under different climatic conditions (Stefanakis et al. 2014) 
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2.8.2. Nitrogen removal in VFCW 
 
The major nitrogen transformations in wetlands include ammonia volatilization, nitrification, 
denitrification, nitrogen fixation, plant and microbial uptake, mineralization, nitrate reduction 
to ammonium, anaerobic ammonia oxidation (ANAMMOX), fragmentation, sorption, 
desorption, burial and leaching, however only ammonia volatilization, denitrification, plant 
uptake (considering plant harvesting), ammonia adsorption, ANAMMOX and organic nitrogen 
burial remove completely the nitrogen from the system (Vymazal 2007). 

The combination of nitrification and denitrification process is considered the major removal 
mechanism for nitrogen in the different types of constructed wetlands. VFCW offer a good 
condition for nitrification capacity but the denitrification is the limiting step to accomplish the 
total removal of nitrogen (Vymazal 2007).  

The attention has turned to in combined vertical and horizontal flow systems, where the 
advantages of each system are complement each other. In this manner the nitrified effluent from 
VFCW are conducted through the poor oxygen environment from HFCW process enhancing 
the denitrification potential needed (Molle et al. 2008). 

The current hybrid systems are derived from the one proposed by Seidel in 1965 at the Max 
Planck Institute in Krefeld, Germany, which consists of two stages of VFCW plus one stage of 
HFCW (Vymazal 2007).Then two common types of hybrid have been developed successfully, 
a) a stage with VFCW plus a series of HFCW units and b) an HFCW unit followed by VFCW 
units, even though the first type is the most widely applied (Stefanakis et al. 2014). 

In 1996 a different hybrid arrangement was introduced in China to reduce the land requirement. 
The so called Integrated VFCW consists of a down flow VFCW followed by an up flow one, 
separated by a partition wall (Chang et al. 2012). The first stage is slightly higher than the 
second one so that the water can flows by gravity. These hybrid variant is considered as a 
promising system for nitrogen removal, as also for phosphorus and COD (Stefanakis et al. 
2014). 

Despite the research progress in hybrid CW, the footprint required is still the main constraint 
for its applicability. For this reason research groups focused on factors within the system, that 
directly and/or indirectly influence the removal efficiency of contaminants, have drastically 
increased in recent years (Wu et al. 2014); loading rates, temperatures, soil types, operation 
strategies and redox conditions are part of these critical factors. 
 

2.9. Pathogen removal in VCFW 
 
Most wastewater effluents are disinfected using chemicals, adding an extra cost to the whole 
treatment. In the case of rural and remote communities, in developing or undeveloped countries, 
is not even an option; hence the research in the capacity of natural systems, such as CW, for 
removing human pathogens is growing (Carvalho 2015); it has been demonstrated that CW 
systems are a very efficient and economical biofilter for pathogenic microorganisms (Kivaisi 
2001). 
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The reduction of pathogens in CW are thought to be because of different factors, namely: the 
reduction in organic matter, the antibiotic secretion by rhizosphere, the predation by protozoa 
and nematodes, the retention in biofilms and the sedimentation and filtration through the grain 
distribution media and accumulated sludge layer (Kivaisi 2001; Stefanakis et al. 2014; Kengne 
et al. 2014). In any event, it has been found that loading rates applied to the CW systems rule 
the concentration of faecal bacteria in the effluent. On the other hand, factors outside the 
operational aspects in CW, as root density or influent source, also interfere with the systematic 
description and prediction of the removal processes that take place in these reactors (Carvalho 
2015).  

The VFCW systems have proven its capability to remove significantly microbiological 
pollution; in these systems, physical factors play an important role, for example filtration is 
presumed to be the major removal mechanism for bacterial indicator organisms (Arias et al. 
2003). As well, it has been demonstrated that sediments located at the bottom of constructed 
wetlands contain higher faecal coliforms concentrations than its liquid column (Karim et al. 
2004); in the same way, it has been tested the possibility that helminth eggs adhere to fine-
grained particles, immobilizing them in the sediments (Sengupta et al. 2012). 
 
On the other hand, it has also been proven that predation activity is an important factor of 
pathogenic reduction. Experiments indicate that protozoa predation is the main pathogen 
removal (Wand et al. 2007) and this takes place mostly in the first 20 cm of the filter media 
(Stefanakis et al. 2014). 
 
Regarding the top accumulated sludge layer, it has been proven that concentrations of pathogens 
change according to the depth of the sludge layer.  Stefanakis et al. (2014) mentioned that 
Nielsen (2007) found that bottom layers presented lower concentrations of Salmonella, 
Enterococci and E. coli than the upper ones. Also, those deeper parts of the accumulated sludge 
(>25 cm) are not recontaminated because of the successive batch loadings. Similarly, Kengne 
et al. 2009, found a major presence of helminth eggs on upper layers (54% of total count) than 
in bottom ones (14% of total count). Those results indicate that in older layers, of accumulated 
sludge, pathogen destruction takes place. 
 
The resting phase of the top residual sludge is a critical factor in terms of pathogen removal. It 
has been observed an important reduction of total coliforms (Stefanakis et al. 2014) and 
helminth eggs (Kengne et al. 2009) when the sludge is retained for more than 3 months without 
new sludge loadings. Kengne et al. (2009) attributes this great reduction to the bacteria 
decomposition, predation and adverse environmental conditions, mainly because of the 
moisture reduction. 
 
As it was overviewed in this chapter, the septage treatment using VFCW is a promising 
technology that needs further investigation. The present research aims to contribute to the 
improvement of this technology evaluating two different strategies in a full scale, seeking the 
removal of parameters such as nitrogen compounds and pathogens.     
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CHAPTER 3  

Materials and methods 
 

In order to accomplish the presented objectives, this thesis research comprised field and 
laboratory work from September 2015 until March 2016. The figure 3-1 illustrates the general 
research framework. 

At the start of this research period the SDRBS was already working under OS2, so the first 
tasks were: continuing the strategy until October 2015, the accumulated sludge monitoring and 
the plant monitoring on W1. Right after, the OS3 started together with the ORP monitoring in 
W1. 

 

Figure 3-1. Research framework 

3.1. Description of the facility 
 
The SDRBS is located at 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) in Belo Horizonte, Brazil. The CePTS is attached to the Arrudas wastewater 
treatment plant (WWTP) with the purpose of investigating different treatment process using the 
real wastewater generated in the city of Belo Horizonte.  

The geographic coordinates of the Arrudas WWTP are latitude 19°53’42” S and longitude 
43°52’42” W. The arrangement of the CePTS is displayed in figure 3-2. 
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Figure 3-2. Location of the Centre for Research and Training in Sanitation (CePTS) UFMG-COPASA 

 

 

Figure 3-3. Photographs of the SDRBS at the treatment facility 

The full-scale system was built in 2007 with a French system configuration to treat domestic 
wastewater with a design flow of 13 m3/day. The whole structure is composed by three units 
running in parallel. For this thesis two units were used, the so-called “Sludge drying reed bed 
system” (SDRBS). 

 

W1 

W2 

W1 

W2 

W1 
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3.2. Description of the SDRBS 
 
The full-scale system was made in concrete; each compartment has a rectangular area of 29.1 
m2 (width of 3.1m and length of 9.4 m) and a depth of 1.0 m, where 0.3 m correspond to the 
free board and 0.7 m to the three-layer filter media. This filter is composed with a 40 cm top 
layer of fine gravel (2.4mm – 12.5mm), a 15 cm medium layer of intermediate gravel (4.8mm 
- 25mm) and 15 cm of coarse gravel (19mm - 50mm) layer, as it can be seen on figure 3-4 
 
Along each unit two 100 mm pipes, with orifices of 10 mm diameter every 12 cm, are laid at 
the bottom of the filter media as a drainage. At one end of the tube is the outlet valve and on 
the other is the ventilation section, in figure 3-4 this pipeline is illustrated. 

The system was already planted with Tifton-85 (Cynodon Dactylon Pers.). This hybrid 
specimen was selected for its drought tolerance, for its exploitation as animal food (commonly 
used for horse and cattle feeding) and its capability of uniform distribution on the system 
surface (Cota 2011). 

 

 

 

 

 

 

 

 

 
 

3-4. Photographs of ventilation pipes and outlet valves 

 
 

Outlet registers 

W1

W2 

Ventilation pipes 

W1 outlet valve W2 outlet valve 
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Figure 3-5. Detail of filter media and ventilation pipes in the SDRBS and representative diagram of SDRBS operation 

 
 

 



Materials and methods 23

 

3.3. Experimental procedures 
 

3.3.1. Influent sludge application 
 
During this research period, the desludging company ‘‘JM Desentupidora” was responsible for 
providing the septic sludge. An informal deal was agreed: every Wednesday morning, after the 
first round of collection, one truck would take the septic sludge to the CePTS and discharge it 
in W1.  
 
As mentioned, the SDRBS worked during the three different OS with the same influent regime; 
once per week the sludge truck poured the sludge volume collected. Since the truck fleet did 
not have any device for measuring flow nor volume, it was not possible to know the precise 
hydraulic and solids loading rates applied to the system.  
 
It is important to mention that the maximum capacity of each truck was 10 m3; the vehicles 
always arrived with more than half of their maximum capacity, this was a fact because the 
container has small windows at different depths, so an approximation of the volume was 
available. At every discharge-day it was asked to the operators approximately how much 
volume was collected, so the range was from 6 m3 up to 10 m3, where 8 m3 was the most frequent 
estimated volume. 
 

 

Figure 3-6. Photographs of the septic truck discharging in W1 
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Figure 3-7. Photographs of the large dimension solid residues on W1 

Even though the HLR could be estimated almost immediately, the applied SLR was only known 
after the TS analysis, performed hours later at the UFMG’s laboratory. In section 4.1.4. the 
median SLR, considered for the results discussion, is calculated. 
 
In every discharge, the presence of large solids like coarse sand, rocks, fabrics, plastic residues, 
etc. was considerable (see figure 3-7); these interfere with vegetation growth and, in time, could 
cause clogging if there no proper control. So it is evident that a pre-treatment for removing big 
residues is very important. 
 

3.3.2. Post-treatment procedure: pumping from W1 to W2 
 
As previously described, the SDRBS worked for the septic sludge treatment and post-treatment 
with two different wetlands. Both units were built at the same level, so it is indispensable to 
apply an external energy to make the percolate to flow from one unit to the other. 
 
So a submerged pump was installed inside the outlet chamber from W1, in this way the effluent 
could be pumped, through a 3-in hose, to the surface of W2. This arrangement is shown in 
figure 3-8. 
 

 
 
 
 
 
 
 
 
 
  

 

 

W1 
W2 

Pumping hose 

3-8. Photograph of pumping hose from W1 to W2 
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3.3.3. Operational Strategy 1 (OS1) 
 
It is important to mention that OS1 was not applied during the experimental period of this thesis, 
nonetheless the procedures and median removal efficiencies are briefly described in this 
section, with the intention of understand the context of the research.  
 
As mentioned at the introduction, the SDRBS treating septic tank sludge started to operate on 
September 2013. At that time the septic sludge discharged just passed through the W1 and 
immediately the percolated fraction was pumped to the W2 or W3, where the liquid had no 
retention time, simply percolating downwards. Therefore, the effluents from W1 and from W2 
or W3 were sampled the same day as the truck discharges. It is important to mention that during 
this period, the W2 and W3 alternated the percolated discharge with sewage; then, one week 
W2 received the percolated fraction and W3 sewage and the next week W2 sewage and W3 
percolated fraction. 
 
This strategy operated until march 2015, over 18 months. The median removal efficiencies were 
42% of TS, 74% of BOD5, 81% of COD, 68% of TKN, 66% of NH4

+
 and 25% of E. coli; those 

were lower than the reported in literature (Franco Andrade 2015); this was attributed, mainly, 
to two possible causes: 
 
i) Lack of sludge layer accumulated  
Since it was the start-up of the system, there was not much sludge layer accumulated yet on the 
top. During the first 6 months only a 3 cm layer was reached, so the filtration process due to the 
sludge layer and a correct hydraulic distribution of the septage was not occurring (Calderón-
Vallejo 2015). 
 
ii) Short hydraulic retention time 
The high flow and the short hydraulic retention time were the cause of the low efficiency on E. 
coli removal (Calderón-Vallejo 2015).  
 
So it was decided to change the OS, giving a retention time to the percolated fraction in order 
to improve the removal of pollutants. 
 
 

3.3.4. Operational Strategy 2 (OS2) 
 
After 18 months of operating the SDRBS with OS1, the research group decided to apply a 6-
day retention time for the percolated volume in W1. In this way a better removal of 
contaminants would be expected, as Koottatep et al. (2004) mentioned.  

The fieldwork in this thesis research started with the OS2 on course, because this period was 
experimented from April 2105 until November 2015, over 214 days. 

The OS2 required two sampling days and the following activities to be completed: 

 Day 1 of OS2: The septic sludge truck arrives to the facility and discharges in the W1, 
the sludge is retained. A representative sample of the truck discharge is grabbed 
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 Day 7 of OS2: After six days of retention, the outlet from W1 is opened and a 
representative sample of the percolated volume is taken, then it is pumped to the W2; 
this unit is opened, so its percolated volume is awaited and a representative sample is 
taken from the W2 outlet valve 
 

The median removal efficiencies just in the W1 were much better than the reached at OS1 
(results are analyzed in the next chapter).  
 
On the other hand, the recirculation process as posttreatment was not achieving significant 
removal efficiencies (results are analyzed in the next chapter). It was clear that a modification 
in the OS from W2 would be interesting to test, in order to enhance efficiencies at the 
posttreatment proposed. 
 

 

Figure 3-9. Diagram of OS2 cycle 

 

3.3.5. Operational Strategy (OS3) 
 
So, after 8 months of operating the SDRBS with OS2, a 7-day retention period for the W2 was 
proposed. The decision was taken in order to test if better organic matter, nitrogen and pathogen 
removal could be achieved in the same reactor; this strategy operated from November 2015 
until February 2016, during 120 days.  
 
The OS3 required three sampling days and the following activities to be completed: 
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 Day 1 of OS3: The septic sludge truck arrives to the facility and discharges in the W1, 
the sludge is retained. A representative sample of the sludge is taken 

 Day 7 of OS3: After six days of retention, the outlet from W1 is opened and a 
representative sample of the percolated volume is taken, then it is pumped and retained 
in the W2 for seven more days 

 Day 14 of OS3: At the end of the retention period, the outlet from W2 is opened and a 
representative sample is taken from the W2 outlet valve 
 

 

Figure 3-10. Diagram of OS3 cycle 

 

3.3.6. ORP monitoring in W1 
 
During the OS3 it was also performed with an ORP monitoring inside W1. The main purpose 
was to know how this parameter changed during the 6 days of the treatment process, then relate 
this data with the removal efficiencies in order to have a better idea of the processes occurring 
inside the reactor.  
 
To bring this about 4 pipelines were installed vertically at different depths (as shown in figure 
3-10), their lower ends were closed with a cap and, in the last 5 cm of the tube wall, narrow 
slits were opened to allow water to enter; the upper parts from the pipes reached the freeboard 
level form the wetland. Thereby, just the retained liquid at the selected depths would be able to 
fill the tubes; then the ORP probe (Hach HQ 40d) was inserted in each pipe to read this 
parameter at different depths. It is important to mention that inmediately before inserting the 
probe, the liquid stored in the tubes was removed, allowing the confined fluids to enter for 
obtaining a representative lecture. 
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Figure 3-11. Diagram of pipelines location inside W1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-12. Photographs of ORP monitoring pipelines in W1 
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3.3.7. Accumulated sludge layer monitoring 
 
The main objective of this activity was to evaluate the pathogenic contamination in the sludge 
layer during the operation phase. The parameters measured, with their respective analysis 
periods, were: 

i. Total coliforms and E. coli: Analysis every week, starting the last week of October 
2015 until February 2016. 

ii. Viability of Helminth eggs: Preparation of sample and sample incubation every week 
during January 2016 and the first week of February 2016. Observation in microscope 
from second week of February 2016 until first week of March 2016 

iii. TS and TVS: Analysis every week, starting October 2015 until February 2016 

For all the parameters above, every week one representative sample was collected and divided 
for each analysis. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3-13. Photographs of the accumulated sludge layer on W1 

3.3.8. Plant monitoring 
 
In order to know the performance and response of the Tifton-85, during the system operation 
at W1, the following parameters were evaluated: 
 

i) Plant height: Every week the selected plants were measured, considering the length 
from the emergent stem up to the end of the longer upper leaf. In this way one could 
know the growing behaviour of the plants during the treatment process. 
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ii) Plant density: In order to have a clearer idea of how dense the presence of rhizomes 
within the accumulated sludge bed were, a count of emergent stems per square meter 
was performed.  

iii) Plant dry biomass: As mentioned in section 3.2, Tifton-85 was selected for its 
properties as animal-food source; therefore, it was important to calculate how much of 
this by-product could be produced during the unit operation. The quantification unit 
was: amount of dry biomass per unit area in a given time. 

 

3.4. Sampling and laboratory methods 
 
From September 2015 until February 2016, fourteen septic sludge discharges were conducted 
into the SDRBS. The first four corresponded to the OS2 and the remaining ten to the OS3. As 
mentioned in the section 3.3.4 and 3.3.5, every discharge implies three representative samples 
and each one a series of physical-chemical analysis. In the following sections a detailed 
description of the sampling methodology with its respective analysis is presented. In addition, 
a complete schedule activity is attached in the appendix A. 
 

3.4.1. Influent septic sludge 
 
In order to take a representative sample from the total septic truck volume, three sample were 
taken for each truck discharge. Using three plastic buckets, a 3-liter sample was taken directly 
from the hose at the beginning, the mid and the end of the discharge. The sampling times were 
approximated according to the remaining volume observed inside the truck. Subsequently the 
9 liters collected were mixed in another plastic bucket, thus the representative sample was 
obtained. 
 

 

Figure 3-14. Photographs of influent sampling plastic buckets 

Then, 1 liter from the representative sample was collected in a plastic bottle for the physical-
chemical analyses and 100 ml in a smaller one for the microbiological analyses; the bottles 
were then kept in a box of expandable polystyrene with cooling gel bags inside, to maintain a 
low temperature along the 1-hour trip to the laboratory. 
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Figure 3-15. Photographs of sampling bottles and expandable polystyrene box for transporting 

In table 3-1 are summarized the parameters analyzed, with their respective analytical methods, 
for the influent septic sludge. 
 

3.4.2. Effluent from W1 
 
Once the retention time in W1 unit was completed, the drainage valve located inside its outlet 
register was opened slowly until it reaching half of its total. Subsequently six 1-liter samples 
were taken with an interval of 10 minutes between each, from the moment the valve was 
opened. Then, the six sampled were poured in the same plastic bucket; in this way, the 
representative sample of the total percolated volume was formed. 
 
On the other hand, the submerged pump located at the bottom of the register was switched on 
to move the percolated volume to the W2 unit. Figure 3-16 illustrate the components described 
above. 
 

 

Figure 3-16. Photographs of W1 emptying, 1-liter sampling bottle and collected sample from W1 

The representative sample of the effluent in W1 is the same for OS2 and OS3. In table 3-1 are 
summarized the parameters analyzed, with their respective analytical methods, for the effluent 
from W1. 
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3.4.3. Effluent from W2  
 
The representative sample for this is conceptually the same as for effluent in W1, with a small 
difference between both OS:  
 
a) During the OS2 the volume pumped from W1 passed through the unit W2 until it was 

drained out, so the six 1-liter samples (also collected with an interval of 10 minutes 
between each) were taken from the moment the percolated started to flow in the outlet 
drain.  

b) In OS3 the procedure was the same as described in section 3.4.2, but using the W2 unit. 
 

 

 

 

 

 

 

Figure 3-17. Photograph of sampling procedure in W2 

In table 3-1 are summarized the parameters analyzed, with their respective analytical methods, 
for the effluent from W2. 

Table 3-1. Physical-chemical parameters measured in the influent septic sludge, effluent from W1 and from W2 

Parameter  Analytical method / Probe model 

Temperature  Hach HQ40d portable meter 

pH 
8156 pH Meter electrode method / Hach HQ40d portable 

meter 

Dissolved oxygen  10360 Direct measurement / Hach HQ40d portable meter 

ORP  10228 Direct measurement / Hach HQ40d portable meter 
COD  Closed reflux, colorimetric method* 
BOD  5‐Day BOD test* 

NH3
‐‐ N  Titrimetric method* 

TKN  Macro‐Kjeldahl method* 
TS  Total solids dried at 103‐105 * 
TVS  Volatile solids ignited at 550 * 

Total coliforms 
(MPN/100ml) 

Colilert‐18, Quanti‐Tray/2000 (IDEXX Laboratories) 

Escherichia coli 
(MPN/100ml) 

Colilert‐18, Quanti‐Tray/2000 (IDEXX Laboratories) 

* According to the Standards Methods for Examination of Water and Wastewater (APHA 2005) 
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3.4.4. Accumulated sludge layer 
 
At the moment the present research started, the sludge layer in W1 had already an average depth 
of 13 cm. In order to create a representative sample both the surface and the depth distribution 
were taken into account. Three distant points along the wetland surface were selected; then 
using a 2-inch PVC pipe, a sludge layer profile was taken in each point. The total solid matter 
collected was kept in a sterilized plastic flask to take it to the laboratory. 
 
 

 

Figure 3-18. Photographs of a sludge hole after sampling in the sludge layer and a pipe utilized for sampling 

 
Once in the laboratory, the solid sample was homogenized using a porcelain mortar. The new 
mixture was the representative sample and depending on the parameter to analyze, was the 
amount of solid taken from the porcelain dish. In table 3-2 are displayed the respective analysis 
performed. 
 
 

 

Figure 3-19. Photographs of homogenization procedure of sludge layer sample and samples after ignition at 550  
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Table 3-2. Physical and microbiological parameters measured in the accumulated sludge layer 

Parameter 
Amount of 

representative 
sample (g) 

Analytical method / Probe model 

TS  5  Total solids dried at 103‐105 * 
TVS  5  Volatile solids ignited at 550 * 

Total coliforms 
(MPN/100ml) 

10  Colilert‐18, Quanti‐Tray/2000 (IDEXX Laboratories) 

Escherichia coli 
(MPN/100ml) 

10  Colilert‐18, Quanti‐Tray/2000 (IDEXX Laboratories) 

Viability of Ascaris 
eggs 

Equivalent to 2g of TS  Modified Bailenger Method** 

* According to the Standards Methods for Examination of Water and Wastewater (APHA, 2005)                 
** According to the procedures manual emitted by the Cinara Institute from Colombia 

 

 
 

3.4.5. Plants 
 

i) Plant height: Three plants, located in different positions along the system, were 
selected and marked; then, every week the length corresponding to the top leaf of the 
main stem was measured. 

ii) Plant density: Before each cutting period, 1 m2 from the total unit area was selected 
and plant stems were counted, considering each emergent structure as one unit. This 
criterion, cited by Ferreira 2005, was adopted from the point that the visible structures 
represents vegetative clones, which seems to be independent one another but that are 
linked through their rhizomes. 

iii) Plant dry biomass: Three different areas, of 1 m2 each one, were selected randomly 
and delimited along the wetland; the plants inside them were cut (twice along the 
research period), leaving approximately 2 cm of the emergent stem. The cutting was 
collected in plastic bags and weighed in the laboratory; then a 5-gram representative 
plant sample, from each area, was dried at 60  for 72 hours, until reaching a constant 
weigh (Ferreira 2005). 
 

Figure 3-20. Photographs of different cutting periods 

 



Materials and methods 35

 

At the beginning of the research period (September 2015) the plants in the whole area were cut. 
After that, two cutting periods in the selected areas were performed. One in December 2015 
and the second one in February 2016.  
 

 

Figure 3-21. Photographs of the plant dry biomass procedure 

 

3.5. Statistical analysis of the results 

The result analysis was divided in two clusters, statistically speaking: a) The descriptive 
analysis of physical-chemical characteristics (influent, effluents and accumulated sludge) 
during OS2 and OS3 and b) the comparison between the removal efficiencies of the SDRBS 
during OS2 and during OS3. 

The descriptive analysis covered the basic concepts of statistics, such as: minimum and 
maximum values, mean, median, percentiles, standard deviation and coefficients of variations; 
for this task Microsoft Excel was utilized.  

The comparative analysis required advanced concepts of statistics; the technique of multiple 
comparisons was suitable for the experiment design in this research. To perform this task, a test 
of ANOVA (considering a 95% of confidence level) based in the model of random coefficients 
was developed and run through the software R, version 3.2.4., and Minitab, version 17. 
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CHAPTER 4  

Results and discussion 
 

Before talking about the SDRBS performance and the OS comparisons, an overview and 
analysis of the influent stream treated during this research is presented. For this purpose, they 
were not separated according to OS2 nor OS3; it is just meant to provide an introduction and a 
better understanding for the assumptions taken during further discussions. 

4.1. Characterization of the influent septic tank sludge 

A descriptive analysis was performed to the physical-chemical parameters, measured in all 
influent samples received during the fieldwork period (September 2015 until February-2016). 
A summary of the data analysis is presented in table 4-1 and the discussion of the results in the 
following subsections. 
 
Due to the variability of the septic sludge characteristics, the median is also presented. For some 
parameters, such as COD, BOD5, NH4

+, TKN, TS, TVS and E. coli concentration, should be 
considered as the representative value. 

Table 4-1. Descriptive analysis of septic sludge received during the research period 

Parameter 

Septic sludge descriptive analysis 

Number 
of data 

Mean  Median  Minimum  Maximum 
Standard 
deviation 

Coefficient 
of variation 

pH (units)  14  7,2  7,5  4,7  8,2  1  0,14 

DO (mg/L)  14  0,8  0,7  0,2  2,4  0,6  0,76 

Temperature ( )  14  27,2  26,5  24,1  31,7  2  0,08 

ORP (mV)  10  ‐157  ‐151  ‐275  ‐18  93  ‐0,59 

COD (mg/L)  14  4553  3695  1001  15183  3736  0,82 

BOD5 (mg/L)  13  1074  490  272  2947  933  0,87 

COD/BOD5  13  7,89  4,06  1,22  31,43  8,74  1,11 

NH4
+
 (mg/L)  13  90  78  22  186  42  0,47 

TKN (mg/L)  14  148  110  61  380  89  0,60 

NH4
+/TKN  13  0,65  0,74  0,27  0,90  0,20  0,31 

TS (mg/L)  14  2679  1877  449  6203  1966  0,73 

TVS (mg/L)  14  1500  942  283  4928  1507  1,00 

TVS/TS  14  0,55  0,62  0,19  0,84  0,19  0,35 

E. coli (NMP/100ml)  14  3,5E+07  7,7E+06  1,0E+05  2,9E+08  7,6E+07  2,15 

 



Results and discussion 37

 

4.1.1. Field measurements 
 
The interpretation of the parameters measured in-situ, is presented below:  
 

 pH: The pH did not present a great variability, being 4.7 the lowest value and 8.2 the 
highest. Nonetheless, most of the samples gave values between 7 and 8; only two 
samples presented values lower than 6. 
 
It is important to mention that the lower values measured (4.7 and 5.3) corresponded to 
samples with stronger odour; presumably those septic tanks remained in the 
acidogenesis phase, indicating that they did not achieve a complete anaerobic 
degradation process. According to Lier et al. 2008 the souring in a reactor (pH between 
4 and 5) could be for an overload of organic matter or by the presence of a toxic 
compound. In addition, the septic sludge with low pH values denotes a high probability 
to find elevated concentrations of ammonium within. Sperling and Chernicharo 2005b 
mention that at low pH (< 8), practically all the ammonia is present in its ionized form 
(NH4

+). It was not unexpected that the sample with 5.3 pH units presented the highest 
NH4

+ concentration (186.3 mg/L). 
 
On the other hand, ten of the fourteen pH samples were higher than 7, where three 
presented equal or higher values than 8; since most of them were in the basic range, it 
is inferred that, for those samples, the acidogenesis phase had already occurred. 
Consequently, all the hydrolysis products (small and soluble biodegradable compounds) 
were already consumed. 
 
 

 DO: The dissolved oxygen concentrations, as expected, were extremely low. The mean 
and median values were 0.8 mg/L and 0.7 mg/L respectively, being the lowest value 0.2 
mg/L and the highest 2.4 mg/L; three of the fourteen samples presented DO 
concentrations higher than 1mg/L, these values are not common and can be attributed 
to an external oxygenation, before or during the measurement procedure. 
 

 Temperature: This parameter presents a very low variation, with a standard deviation 
of only 2.3 . The mean value was 27.2 . Since the extracted volume was retained in 
the truck container for many hours until the final discharge, it would be expected that 
the values do not represent the original temperatures inside the septic tanks. So this 
parameter is not relevant for the study of septic tanks and would not be correct elaborate 
assumptions. 

 
 ORP: The maximum value was -18 mV and the minimum -275.2 mV, with a mean and 

median value of -157.4 and -151.1 mV respectively, indicating that treated septic sludge 
was under anaerobic conditions; this fact backs up the previous assumption (“DO” 
bullet), where is stated that samples with DO concentration higher than 1 mg/L were 
because of external factors. 
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4.1.2. COD and BOD5 
 
The COD and BOD5 were the organic matter parameters measured in the septic tank sludge. 
Both of them presented a high variability; something expected for this kind of residues.  
 
Regarding the COD, a standard deviation of 3736 mg/L was obtained and the highest among 
all the physical-chemical parameters measured; for instance, the minimum concentration was 
1001 mg/L and the maximum 15183 mg/L. In this case the median would be suitable as 
representative value, which was 3695 mg/L. 
 
These concentrations are in the range of the called low-strength faecal sludge (or septage), 
where the maximum COD concentration is 15000 mg/L, before being considered as high-
strength faecal sludge (or fresh faecal sludge) (Heinss et al. 1998). 
 
BOD5 presented a standard deviation of 933 mg/L, a very high value if we consider that the 
maximum value was 2947 mg/L and the minimum 272 mg/L. The median concentration was 
490 mg/L and the mean value 1074 mg/L. 
 
These values were lower than those reported in the literature. For example, the USEPA (1994b), 
gives a mean value of 6480 mg/L for septage in United States and 8343 mg/L for septage in 
Europe and Canada. Although the mean values reported in Brazil (presented in Andreoli 2009 
literature review) are lower, being the lowest 1863 mg/L, the results in the present research do 
not reach it. 
 
In order to know the relationship between these parameters, a COD/BOD5 ratio was also 
included. It is important to consider that COD measurement was obtained using the dichromate 
method.  
 
Sperling and Chernicharo (2005b) reported that when the ratio is: 

 Lower than 2.5 = the sample is highly biodegradable 
 Between 2.5 and 4 = the sample is slowly biodegradable and further studies need to be 

done for verifying biological treatment 
 Higher than 4 = the inert fraction is high; so physical-chemical treatment is suitable 

 
The median ratio value was 4.1, the minimum 1.2 and the maximum 31.4; for this reason, can 
be stated that most of the septic trucks collected sludge already biodegraded and with a high 
amount of inert matter, except for 2 samples (of 13 analyzed) where the ratio was lower than 4. 
This parameter is very important in order to define a proper management of the septic sludge. 
 

4.1.3. NH4
+ and TKN 

 
With respect to the nutrients, only two nitrogen species TKN and NH4

+
 were measured. Both 

presented a considerable variability among the other parameters but not between themselves. 
 
The NH4

+ concentration had a median concentration of 78 mg/L, a mean value of 90 mg/L with 
a minimum value of 22 mg/L and a maximum of 186 mg/L. This parameter, in contrast with 
the organic matter ones, has a very similar mean concentration as the reported by USEPA 
(1994b) for the septage in United States. It also has similarity with two reported mean values 
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in Brazil: 89 mg/L (Meneses et al. 2001) and 116 mg/L (Cassini 2003), cited by Andreoli 
(2009).  
 
The TKN concentration had a median of 110 mg/L, a mean value of 148 mg/L with a minimum 
value of 61 mg/L and a maximum of 380 mg/L. Meneses et al. (2001) (cited by Andreoli 2009) 
reported a mean value of 120 mg/L, something very similar as the obtained. On the other hand, 
the mean values reported by  USEPA (1994b) (677 mg/L) and Koottatep et al. (2004) (1100 
mg/L), are significantly higher. 
 
Additionally, the NH4

+/TKN ratio were calculated and analyzed. The median value was 0.74 
while the minimum and maximum 0.27 and 0.90 respectively; the standard deviation and 
coefficient of variation were 0.20 and 0.31 respectively. 
 
The analysis indicates that the main nitrogen form, present in most of the septic sludge samples, 
is the inorganic fraction, represented by ammonia species. So, the transformation of organic 
nitrogen, such as urea and amino acids, to ammonia had already taken place; this nitrogen 
composition is highly prevalent in anaerobic sludge with long SRT (Sacramento 2008). The 
high concentrations of ammonia species in the septage could be translated to corrosive odour, 
as well as damages to the environment, such as eutrophication, toxicity to aquatic species and 
soil acidification, if it is directly dumped. 
 

4.1.4. TS, SLR and TVS 
 
The TS and TVS of the septic sludge presented a great variability, as in the organic matter 
parameters.  
 
The TS median value was 1877 mg/L, the mean value 2679 mg/L, the minimum and maximum 
concentration 449 mg/L and 6202.7 mg/L respectively. The results are much lower than the 
septage data reported in the literature, for example: Koottatep et al. (2004) reported a mean 
value of 15350 mg/L, USEPA (1994b) a mean value of 38800 mg/L and Leitão Assunção 
(2013) a mean value of 9267 mg/L.  
 
The liquid fraction was high, meaning that not only the septic sludge was removed from the 
tank but also the wastewater and scum fractions. Afterwards it could be asserted that the service 
offered by the company “JM Desentupidora” was not focused in the maintenance of the septic 
tank as an anaerobic reactor, but in the complete emptying of the container. A correct 
monitoring of fluid levels should be performed by the desludging companies, in order to take 
out only the correct volume of septic sludge, thus not inhibiting the biological treatment process 
within (USEPA 2005). 
 
Now with the TS information, and returning to the subject of the SLR applied in the system, it 
is presented a descriptive analysis of the volumes discharged by the septic trucks and the SLR 
applied in W1 along this thesis research (see table 4-2). The results show how variable is the 
SLR applied to the system because of the TS variability, therefore in further discussions the 
median value is considered. From the volumes applied, 7,3 m3 and 8 m3 were the mean and 
median values respectively. It is important to remind that the values are approximations (as 
commented in section 3.3.1). 
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Table 4-2. Descriptive analysis of the SLR applied during the research period 

Parameter 
Number 
of data 

Mean  Median  Minimum  Maximum 
Standard 
deviation 

Coefficient 
of variation 

Volume of septic 
tank sludge applied    

(m3) 

14  7,3  8  4  10  2  0,22 

SLR 
(kgTS/m2*year) 

14  35  23  8  89  27  0,78 

 
The TVS median value was 942 mg/L, the mean value 1500 mg/L, the minimum and maximum 
concentration 283 mg/L and 4928 mg/L respectively. In the same way as TS, values are much 
lower than reported in literature: Koottatep et al. (2004) reported a mean value of 11150 mg/L, 
USEPA 1994b a mean value of 25260 mg/L and Leitão Assunção (2013) a mean value of 4868 
mg/L. 
 
Additionally, an analysis of the TVS/TS ratio was performed with the intention of knowing 
how much organic matter content was present in the septic sludge. The median value was 0.62, 
the minimum 0.19 and the maximum 0.84. 
 
According to Sperling and Chernicharo (2005a), when the TVS/TS ratio of sludge is between 
0.60 and 0.65 means it can be understood that it is already digested. This is further evidence 
that most of the septic sludge received was already digested, as evidenced by the results of the 
COD/BOD ratio, previously commented. 
 

4.1.5. E. coli 
 
This parameter presented a great variability, with a minimum and maximum value of 1.0E+05 
MPN/100ml and 2.9E+08 MPN/100ml, and a mean and median value of 3.5E+07 MPN/100ml 
and 7.7E+06 MPN/100ml.  
 
The results are not only in the range of faecal contamination present in raw domestic sewage in 
developing countries (Sperling and Chernicharo 2005b), but also as the Brazilian septic sludge. 
For example, from 9 samples analyzed by Calderón-Vallejo (2015), a median value of 52E+08 
MPN/100ml was obtained. Another case is the data obtained in the massive septic sludge 
characterization presented by Andreoli (2009), where the mean and media values obtained from 
84 samples were 3.99E+07 MPN/100ml and 1.43E+07 MPN/100ml respectively. 
 

4.2. Analysis of the performance in OS2 

As mention in previous sections, the experimental procedures in this thesis research began 
during the OS2 running and 6 weeks before starting the OS3. Consequently, only 4 treatment 
cycles were performed applying the OS2. Nonetheless previous data of the same experiment 
was already collected by Elias Manjate, as a part of his Ph.D. research thesis (Manjate 2016). 
Therefore, with the approval of Elias Manjate, previous data was considered in the exploratory 
analysis of the OS2, as well as in the comparative analysis described in section 4.4.  
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4.2.1. pH and DO 
 
The pH in the liquid stream changed throughout the units. As it can be seen in Figure 4-1, the 
biggest change occurred inside the W1, where the values tended to a neutral pH. The flow 
stream through the W2 did not make a great difference, the median (50%) and mean values 
stayed closer to the neutral pH. 
The results indicate that retention time in W1 acted as a regulator of pH, because the discharges 
of sour (two samples with pH lower than 6.5) and basic septage (two samples with pH higher 
than 8) increase and decrease, respectively, its pH in more than 0.5 units. This buffer capacity 
in W1 is very important for samples with extreme pH, which could inhibit the biological 
processes inside.  
 
In the case of influents with basic properties, the pH drop is presumably due to: 
 

a. Nitrification occurring during the septage application (as explained in section 2.8) 
b. The natural acidity of the deep filter medium (anaerobic decomposition cycles of 

detritus and organic sediments retained along the time) 
c. The decomposition and respiration processes of the microorganisms related to the 

rhizomes (Rodrigues Vasconcellos 2015) in the accumulated sludge layer  

 

 

Figure 4-1. pH values in the influent and effluents from W1 and W2, during the OS2 condition; the blue area represent 
the basic pH values and the red one acid pH values 
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On the other hand, it was expected that the acidified batch loads would tend to decrease its pH 
even more, but the result was the opposite; the percolated effluents, belonging to acidified 
influents, tended to increase its pH. In the present case, it is inferred that the pH increased due 
to the particulate solids removal and ammonification processes; nonetheless, the vegetation also 
could have played a minor role, such as carbon dioxide consumption (Kadlec and Wallace 
2009). 
 
The DO concentrations in the liquid stream are presented in the figure 4-2. Boxplots show how 
this parameter increased after each unit; it is in the last effluent when the concentrations increase 
notably. This indicates the good oxygenation achieved due to the batch applied in the vertical 
flow wetlands. 
 

 

Figure 4-2. DO values in the influent and effluents from W1 and W2, during the OS2 condition 

On the other hand, the high DO concentrations in the effluent from W1 were not expected, for 
two reasons: i) the strong COD concentrations in the influent and ii) the long retention time in 
W1. It was considered that sampling methods, in effluents W1 and W2, played an important 
role in this parameter; aeration due to agitation at the outlet valve and during the representative 
sample procedure, could easily interfere. According to (Sperling and Chernicharo 2005b), when 
an anaerobic liquid comes into contact with the air, in its urge for a balance, allows a quick and 
greater absorption of the oxygen. Perhaps a different sampling procedure, like sampling inside 
the source points prior the discharges, would have been more correct; the agitation due to the 
high flow passing through the small diameter, belonging to the truck discharge hose and the 
outlet valves of wetland units, was hardly controllable. 
 
The plants may have contributed DO to the percolated fraction of the W2, because the liquid 
passed throughout the rhizome layer moments before the sampling; nonetheless, the DO 
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concentration present in the W1 effluent sample may have not contain this contribution, because 
during the long retention period the oxygen was consumed, and the rhizome mesh only 
occupied the accumulated sludge layer and few centimeters below, not being able to transfer 
oxygen to the percolated layer. 
 

4.2.2. COD and BOD5 
 
Since the organic matter parameters presented a high variability in the concentration, the 
median was selected for analysis purposes. The exploratory analysis is summarized in table 4-
2 for COD and 4-3 for BOD5. 
 
The median concentration of the influent COD was 2976 mg/L and the median effluent W1 was 
303 mg/L. The first unit showed outstanding results in COD removal efficiencies, with a median 
of 89.9%. Koottatep et al., 2004, and Käfer, 2015, obtained higher COD removal efficiencies 
(98% and 99%) applying the same retention time; the better performance could be attributed to 
the higher and controlled SLR applied to the systems (250 kg*TS/m2*year and 280 
kg*TS/m2*year, respectively) meanwhile the septage applied in this research was directly from 
the septic truck collection (median SLR of 27 kg*TS/m2*year). 
 
The good results in W1 are mainly attributed to the filtration process of the accumulated sludge 
layer; nonetheless, the pH decrease also indicate that was possible a loss of carbonates due to 
precipitation as calcite, or other important minerals found in the wetland environment (i.e. 
Magnesite, Aragonite, etc.), thus a COD reduction. 
 
Contrariwise, the W2 had a negative COD removal efficiency of -24%. The negative impact of 
the post-treatment has a clear explanation: when the percolated volume from W1 was pumped 
and applied on W2, the flow dragged remaining particle solids enmeshed within the filter media 
or sediments from the bottom; these particles could belong to remaining solids from the 
previous batches or to products from the wetland cycle, such as soluble humic substances and 
solid residual of plant decomposition. During the effluent W2 sampling, it could be seen how 
new solids show up; this fact is corroborated in the TS and TVS results, presented in the section 
4.2.4. 

Table 4-3. Exploratory analysis of COD during OS2 

Parameter 
Descriptive 
elements 

Concentration   Removal efficiency (%) 

Influent Eff. W1 Eff. W2 W1 W2  Global 

COD           
(mg/L) 

Number of 
data 

8  8  8  8  8  8 

Mean  4551  288  354  89  ‐22  87 

Median  2976  303  277  90  ‐24  89 

Minimum  533  118  166  78  ‐93  66 

Maximum  14960  384  693  98  46  98 

Standard 
deviation 

4636  85  200  7  47  10 

Coefficient of 
variation 

1,02  0,29  0,56  0,08  ‐2,18  0,11 
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Figure 4-3. COD removal efficiencies in the influent and effluents from W1 and W2, during the OS2 condition 

 
BOD5 also achieved good removal efficiency in the first unit; the median removal efficiency 
was 98%. In a similar way, Panuvatvanich et al. (2009) obtained mean removal efficiencies of 
87%.  
 
The good performance is not only attributed to the filtration process, but also to the aerobic 
biodegradation due to the oxygen introduction in each batch application; especially if the BOD 
influent loadings are low (Kadlec and Wallace 2009), as it is the case for most of the septage 
inlets. Further, it has been demonstrated that most of the microbial biomass is located in the top 
five centimeters of the VFCW (Langergraber et al. 2007), so it is highly probable that organics 
removal occurred during the first minutes after the batch loading. From the previous 
assumptions, it can be inferred that influents with low BOD loads, do not need prolonged 
retention times to achieve high BOD5 removal efficiencies. 
 
 On the other hand, when the influent loadings of BOD are high, for instance fresh septage, the 
anaerobic processes are more likely to occur; in this particular cases the prolonged retention 
periods would be required to achieved high BOD5 removal efficiencies. 
 
In W2, the median removal efficiency was only 8%, with a minimum and maximum efficiencies 
of -171% and 38%, respectively. In contrast with the median efficiency for COD removal, this 
value was positive; meaning that, most of the solids dragged from W2 belonged to soluble 
humic substances and plant decomposition residues, like cellulose and lignin, which are not 
degraded through the BOD5 test. 
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Table 4-4. Exploratory analysis of BOD5 during OS2 

Parameter 
Descriptive 
elements 

Concentration   Removal efficiency (%) 

Influent Eff. W1 Eff. W2 W1 W2  Global 

BOD5       

(mg/L) 

Number of 
data 

9  9  9  9  9  9 

Mean  1498  38  41  93  ‐21  94 

Median  1220  22  27  98  8  98 

Minimum  272  14  9  58  ‐171  61 

Maximum  4182  120  111  99  38  99 

Standard 
deviation 

1225  36  33  13  65  12 

Coefficient of 
variation 

0,82  0,94  0,81  0,14  ‐3,17  0,13 

 

 

Figure 4-4. BOD5 removal efficiencies in the influent and effluents from W1 and W2, during the OS2 condition 

The impounding period applied in W1 enhanced the biodegradation of organic matter, and the 
COD/BOD5 ratio supports this statement. In the table 4-4 it can be seen how this ratio increased 
notably; nonetheless, the high COD removal efficiencies also indicate that filtration capacity of 
the accumulated sludge layer played an important role in organic matter removal. On the other 
hand, the proposed post treatment had a negative impact, the material dragging interferes with 
the global removal efficiencies. 
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Table 4-5. Exploratory analysis of COD/BOD5 ratio during OS2 

Parameter 
Descriptive 
elements 

Concentration  

Influent  Eff. W1  Eff. W2 

COD/BOD5 

Number of 
data 

7  7  7 

Mean  4,72  13,99  15,28 

Median  3,50  13,79  16,18 

Minimum  1,22  4,85  8,16 

Maximum  12,26  21,63  23,20 

Standard 
deviation 

3,85  5,31  5,98 

Coefficient of 
variation 

0,81  0,38  0,39 

 
 

4.2.3. NH4
+ and TKN 

 
In terms of the nutrient removal efficiencies, the exploratory analysis of NH4

+ and TKN 
concentrations are presented in tables 4-5 and 4-6, and the removal efficiency is displayed in 
figures 4-5 and 4-6. 
 
The NH4

+ removal efficiencies were similar in both systems, with a median value of 59% in 
W1 and 45% in W2. The results were much lower compared to the reported by Käfer (2015), 
where the mean removal efficiency was 99%; but as mentioned in section 4.2.2, the main 
difference was the high SLR applied and the higher depth of the accumulated sludge layer 
(approx. 32 cm high). 
 
In the W1 unit, it is considered that the most important factor for the NH4

+ removal was the 
filtration process; the previous statement is supported by the results of Franco Andrade, 2015), 
where a median removal efficiency of 52% was obtained using the same reactor and similar 
SLR (median of 31 kgTS/m2*year), without retention time and with an accumulated sludge 
layer 4 cm lower than in the present research.  
 
The second most important factor in NH4

+ removal in W1 is attributed to the nitrification 
process, due to the aerobic conditions offered by the VFCW; this statement could not be proved 
during this research because of the absence of nitrate measurements, but literature supports it 
(Koottatep et al. 2004; Suntti 2010; Stefanakis et al. 2014). Nonetheless, since the percolated 
fraction stayed a prolonged retention period in anaerobic conditions, with characteristics such 
as low availability of simple carbon sources and remaining nitrate, the ANAMMOX or CANON 
processes could have intervened in a minor proportion. 
 
Regarding the W2 removal efficiencies, it is inferred that the main removal process was the 
nitrification, because of the high aeration during the pumping and batch load and because of 
the fact that this unit did not count with an accumulated sludge layer as a filter; the negative 
removal efficiencies for solid fraction in this unit, evidence the non-relation between the TS 
and NH4

+ removal efficiency. 
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Table 4-6. Exploratory analysis of NH4
+ during OS2 

Parameter 
Descriptive 
elements 

Concentration   Removal efficiency (%) 

Influent  Eff. W1  Eff. W2  W1  W2  Global 

NH4
+          

(mg/L) 

Number of 
data 

10  10  10  10  10  10 

Mean  78  31  20  60  31  76 

Median  75  32  19  59  45  78 

Minimum  14  8  2  41  ‐105  53 

Maximum  156  66  49  84  69  90 

Standard 
deviation 

34  17  13  13  51  11 

Coefficient of 
variation 

0,44  0,55  0,67  0,22  1,64  0,14 

 
 
 

 

Figure 4-5. NH4
+ removal efficiencies in the influent and effluents from W1 and W2, during the OS2 condition 

 

Assuming that nitrification took place in the SDRBS, perhaps in a higher rate in W2, it is 
important to comment the possible transformations of the nitrate for each unit. Regarding the 
W1 unit, it was more probable that carbon-driven denitrification has taken place, because of the 
influent organic matter; while in W2, it was more probable that a sulfur-driven denitrification 
has occurred, due to the less carbon source. On the other hand, the plant and microbiota 
assimilation also could have consumed the remaining nitrates. But considering the results 
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obtained in other experiments ((Koottatep et al. 2004; Suntti 2010), it is a fact that a 
considerable concentration of nitrate was still present in the last effluent. 
 
 

 
Table 4-7. Exploratory analysis of TKN during OS2 

 

Parameter 
Descriptive 
elements 

Concentration   Removal efficiency (%) 

Influent  Eff. W1  Eff. W2  W1  W2  Global 

TKN           

(mg/L) 

Number of 
data 

10  10  10  10  10  10 

Mean  114  26  19  72  16  76 

Median  97  26  17  71  45  82 

Minimum  24  7  5  47  ‐125  31 

Maximum  363  46  53  92  65  96 

Standard 
deviation 

92  12  14  13  67  22 

Coefficient of 
variation 

0,81  0,46  0,71  0,18  4,17  0,28 

 
 

 

Figure 4-6. TKN removal efficiencies in the influent and effluents from W1 and W2, during the OS2 condition 
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The TKN removal efficiencies in W1 were higher than for NH4
+, a median of 71% was achieved 

in this unit; this is attributed to the organic nitrogen fraction eliminated in addition to the NH4
+

 

removal. Panuvatvanich et al. (2009) determined, with the help of a detailed nitrogen balance, 
that the organic nitrogen fraction decreased up to 40% during the first 6-day impounding period. 
For the same reason, the removal efficiencies of TKN and NH4

+
 in the post treatment were 

almost the same (45% and 45% respectively). Another evidence are the results obtained by 
Calderón-Vallejo (2015) where the removal efficiencies in the post treatment were 53%.  
 
A total nitrogen removal could not be proven for the absence of nitrate measurements, so the 
removal efficiencies mentioned in this section could represent, mostly, just a transformation of 
the nitrogen compounds. 
 
The NH4

+/TKN ratio values were similar for the three samples: 0.75, 0.88 and 0.67 respectively, 
so the removal efficiencies were almost proportional between these two compounds.  
 

Table 4-8. Exploratory analysis of NH4
+/TKN5 ratio during OS2 

Parameter 
Descriptive 
elements 

Concentration  

Influent  Eff. W1  Eff. W2 

NH4
+/TKN 

Number of 
data 

5  5  5 

Mean  0,62  0,75  0,62 

Median  0,75  0,88  0,67 

Minimum  0,04  0,17  0,09 

Maximum  0,78  0,94  0,96 

Standard 
deviation 

0,32  0,33  0,33 

Coefficient of 
variation 

0,52  0,43  0,54 

 
 
 

4.2.4. TS and TVS 
 
The exploratory analysis of TS and TVS concentrations are presented in tables 4-8 and 4-9, and 
the removal efficiency boxplots are displayed in figures 4-7 and 4-8. 
 
The median removal efficiencies for TS were 64% in W1 and -25% in W2. The solid dragging 
issue, as commented in section 4.2.2, is reflected directly in this parameter. The negative impact 
in the post treatment was not the fact of not having retention time, but the lack of an even 
hydraulic distribution; the percolated fraction from W1 was pumped and poured with a single 
3 in hose. So the water pressure washed the filter media, even trying to break the stream against 
the walls.  
 
The influent septage was also discharged by a hose, even with a higher flow, but the 
accumulated sludge layer helps to absorb this pressure and to distribute the liquid along the 
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total surface, just as Molle (2014) stated; therefore the removal efficiencies were considerably 
high.  

Table 4-9. Exploratory analysis of TS during OS2 

Parameter 
Descriptive 
elements 

Concentration   Removal efficiency (%) 

Influent  Eff. W1  Eff. W2  W1  W2  Global 

TS              
(mg/L) 

Number of 
data 

7  7  7  7  7  7 

Mean  2489  751  845  65  ‐16  61 

Median  2316  809  840  64  ‐25  56 

Minimum  1437  536  509  42  ‐54  40 

Maximum  3882  900  1074  86  43  82 

Standard 
deviation 

972  134  201  15  34  18 

Coefficient of 
variation 

0,39  0,18  0,24  0,23  ‐2,09  0,29 

 
 

 

Figure 4-7. TS removal efficiencies in the influent and effluents from W1 and W2, during the OS2 condition 

The TVS presented the same behaviour as TS. In the first unit a median removal efficiency of 
83% and -33% in W2. Nonetheless the removal in W1 was little higher than in TS, this could 
be related to the biodegradation processes occurring during the impounding period.  
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In general, the global efficiency of these parameters was related, mainly, to the filtration 
capacity of the accumulated sludge layer. Koottatep et al. (2001) compared the solids removal 
efficiencies in VFCW with accumulated sludge layer with sand drying beds.  
 

Table 4-10. Exploratory analysis of TVS during OS2 

Parameter 
Descriptive 
elements 

Concentration   Removal efficiency (%) 

Influent  Eff. W1  Eff. W2  W1  W2  Global 

TVS          
(mg/L) 

Number of 
data 

9  9  9  9  9  9 

Mean  4270  228  340  79  ‐57  69 

Median  1071  214  346  83  ‐33  73 

Minimum  440  81  150  45  ‐154  21 

Maximum  30363  429  559  99  9  98 

Standard 
deviation 

9788  96  145  15  59  23 

Coefficient of 
variation 

2,29  0,42  0,43  0,19  ‐1,03  0,33 

 
 

 

Figure 4-8. TVS removal efficiencies in the influent and effluents from W1 and W2, during the OS2 condition 

The TVS/TS ratio gave lower values in the W1 effluents, reinforcing the assumptions of the 
biodegradation inside that unit. The ratio decreased up to 0.3, evidencing that most of the solids 
remaining were unbiodegradable. 
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Table 4-11. Exploratory analysis of TVS/TS ratio during OS2 

Parameter 
Descriptive 
elements 

Concentration  

Influent  Eff. W1  Eff. W2 

TVS/TS 

Number of 
data 

7  7  7 

Mean  0,46  0,25  0,35 

Median  0,46  0,25  0,34 

Minimum  0,19  0,15  0,18 

Maximum  0,73  0,36  0,48 

Standard 
deviation 

0,21  0,07  0,11 

Coefficient of 
variation 

0,45  0,28  0,30 

 
 

4.2.5. E. coli 
 
The exploratory analysis of Escherichia coli concentration and removal efficiencies is 
presented in the table 4-11. As well, in figure 4-9 is displayed the median concentrations in a 
boxplot graph, in favor of showing the log removal values achieved along the treatment. 
 

Table 4-12. Exploratory analysis of E. coli during OS2 

Parameter 
Descriptive 
elements 

Concentration (MPN/100mL)  Removal efficiency (%) 

Influent  Eff. W1  Eff. W2  W1  W2  Global 

E. coli        

Number of 
data 

5  5  5  5  5  5 

Mean  2,44E+06  6,71E+03  3,80E+04  96,7  ‐478,7  69,7 

Median  1,46E+06  3,85E+03  6,30E+03  99,7  ‐690,6  99,6 

Minimum  1,00E+05  1,00E+02  9,60E+02  84,8  ‐875,7  ‐48,3 

Maximum  6,13E+06  1,52E+04  1,48E+05  100,0  40,6  100,0 

Standard 
deviation 

2,36E+06  6,07E+03  6,27E+04  6,7  458,0  66,0 

Coefficient 
of 

variation 
0,97  0,90  1,65  0,07  ‐0,96  0,95 

 
 
The first unit exhibited very high removal efficiencies. From a median concentration of 
1,46E+06 MPN/100ml, the effluent W1 presented a median of 3,85E+03 MPN/100ml; this 
removal efficiency of 99.7% is displayed in the graph as little more than 2.3 log removal values.  
 
Previous experiments, where any retention time of the percolated fraction is applied, have 
shown results less satisfactory regarding E. coli removals: Calderón-Vallejo (2015) monitored 
the E. coli concentration along the OS1 (for more details see section 3.3.3) and the unit W1 
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gave a negative median removal efficiency, even the concentrations at the effluent were much 
higher. On the other hand, Sonko et al. (2015) obtained average E. coli reduction rates of 1.25 
log removal values.  
 
The second unit gave a negative median removal efficiency, where the median concentration 
increased in more than 0.2 log values. This occurred for the solid dragging issue, already 
explained in previous sections. This could indicate that solids present in the effluents are related 
with higher concentration of E. coli. 
 
Comparing other experiments with the results obtained, the following arguments came up: 
 

 The retention time applied in this systems improved significantly the E. coli removal 
efficiencies. 

 The presence or lack of physical processes as filtration, sedimentation, adsorption and 
prolonged retention times (referenced in section 2.9.1) could have improved or damaged 
the E. coli removal efficiencies. 

 

 

Figure 4-9. E. coli concentrations in the influent and effluents from W1 and W2, during the OS2 condition 
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4.3. Analysis of the performance in OS3 

4.3.1. pH and DO 
 
As expected, similar pH behavior occurred during the OS3. A clear example, which proves the 
buffer capacity in W1, is the minimum pH monitored during this period (see figure 4-10); an 
acidified septic sludge (4.7 units) increased its pH in little more than 2 units. On the other hand, 
it can be seen that the maximum pH (8 units) decreased 0.5 units.  
 
The retention time in W2 increased the pH regulation for the final effluent, in figure 4-10 can 
be observed less variability than in figure 4-1. The buffer capacity of the system acted in both 
ways, therefore the same factors commented in section 4.2.1. are considered for this period.  
 
The DO during the OS3 behaves in the same way as OS2. The main difference was the 
concentration in effluent W2, where the retention time produced a partial consumption of the 
DO captured during the downward flow.  
 
During the OS3, the sampling procedures were performed in the same way but with more care. 
For example, the sample collection for the W1 and W2 effluents (see figures 3-4, 3-16 and 3-
17) were taken trying to put the sampling bottle as close as possible to the outlet valve orifice, 
in this way the waterfall distance was reduced; as well, for the representative sampling 
procedure, it was avoided any agitation during the decantation. With the new effort, it is seen a 
slight decrease in DO concentration for the W1 effluent samples compared to the values 
obtained in the OS2. 
 
Despite the possible interference due to sampling procedures, during the OS3 it is exhibited the 
different capacity of oxygen uptake between the W1 and W2 effluents; indicating that W2 
effluent is more sensitive to be re oxygenated with a minimum agitation, than W1 effluent. 
Since the capacity to dissolve oxygen in water is affected by factors such as temperature, 
atmospheric pressure and conductivity (Rounds et al. 2013), it can be inferred that W2 effluent 
contained less conductivity or ion strength (i.e. ammonia, sodium hydroxide, etc.); for this 
instance, better quality. 
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Figure 4-10.  pH values in the influent and effluents from W1 and W2 during the OS3 condition; the blue area represent 
the basic pH values and the red one acid pH values 

 

Figure 4-11. DO values in the influent and effluents from W1 and W2, during the OS3 condition 
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4.3.2. COD and BOD5 
 
The exploratory analysis of COD and BOD5 along the OS3 is presented in tables 4-12 and 4-
13, and graphic data is displayed in figures 4-12 and 4-13 as removal efficiencies. 
 
The COD removal efficiency in W1 was 80% with just a 10% of standard deviation. The small 
decrease compared to the result in OS2 is attributed merely to the septage characteristics. 
However, the impounding period applied in OS3 gave positive results in the post treatment; the 
median COD removal efficiency was 66%, thereby enhancing the global efficiency up to 94%. 
 
The retention period in the post treatment helped to sediment the dragged particles which 
damaged the efficiency during the OS2. Also it is not discarded that processes like carbonate 
precipitation increased, because the pH tended to decrease slightly more. 
 
The BOD5 removal efficiency in W1 was again very good and stable, with a median removal 
efficiency of 86% and a standard deviation of just 10%. In the same way as COD, the 
efficiencies were slightly lower than in OS2, something also attributable to the influent 
characteristics. 
 
The efficiencies in the new post treatment did not give good results as in COD; only a median 
removal efficiency of 15% was achieved, something very low considering the prolonged 
retention time. This behaviour was attributed to the fact that most of the influent samples (7 of 
9 samples) had BOD5 concentrations lower than 530 mg/L, consequently these samples 
decreased its BOD5 up to values lower than 90 mg/L after the W1 unit; therefore, it is assumed 
that the remaining BOD present in the W2 effluent corresponded to a very slowly biodegradable 
fraction, which would need higher retention times or oxidation procedures to be removed. It is 
concluded that, for digested septage (for this instance, septage with BOD5 lower than 530 mg/L) 
it is not feasible to apply natural post treatments, because the high land requirements do not 
justify the low removal efficiencies. 
 

Table 4-13. Exploratory analysis of COD during OS3 

Parameter 
Descriptive 
elements 

Concentration   Removal efficiency (%) 

Influent Eff. W1 Eff. W2 W1 W2  Global 

COD           
(mg/L) 

Number of 
data 

10  10  9  10  9  9 

Mean  5200  919  304  79  58  92 

Median  4211  751  278  80  66  94 

Minimum  1001  299  65  64  ‐21  77 

Maximum  15183  2119  541  95  93  99 

Standard 
deviation 

4243  652  187  10  36  7 

Coefficient of 
variation 

0,82  0,71  0,61  0,12  0,62  0,07 
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Figure 4-12. COD removal efficiencies in the influent and effluents from W1 and W2, during the OS3 condition 

 

Table 4-14. Exploratory analysis of BOD5 during OS3 

Parameter 
Descriptive 
elements 

Concentration   Removal efficiency (%) 

Influent Eff. W1 Eff. W2 W1 W2  Global 

BOD5       

(mg/L) 

Number of 
data 

9  9  8  9  8  8 

Mean  906  250  116  82  11  88 

Median  483  55  48  85  15  90 

Minimum  333  26  39  59  ‐58  81 

Maximum  2947  1036  396  95  76  92 

Standard 
deviation 

930  394  134  12  46  4 

Coefficient of 
variation 

1,03  1,58  1,15  0,15  4,41  0,04 
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Figure 4-13. BOD5 removal efficiencies in the influent and effluents from W1 and W2, during the OS3 condition 

So it was proven that most of the biodegradable fraction was removed during the first retention 
period, as a result a further retention did not make a great change. Nonetheless, when the septage 
influent was fresh (two samples with BOD5 > 2000 mg/L), the extra retention period enhanced 
significantly the BOD5 removal efficiency, as stated in section 4.2.2. 
 

Table 4-15. Exploratory analysis of COD/BOD5 ratio during OS3 

Parameter 
Descriptive 
elements 

Concentration  

Influent  Eff. W1  Eff. W2 

COD/BOD5 

Number of 
data 

9  9  8 

Mean  10,06  15,32  4,95 

Median  5,75  6,01  4,31 

Minimum  1,26  1,11  1,31 

Maximum  31,43  46,71  12,32 

Standard 
deviation 

9,78  17,52  3,90 

Coefficient of 
variation 

0,97  1,14  0,79 
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The COD/BOD5 ratio changed due to the better removal of COD and the slightly higher 
remaining BOD5 concentrations. In table 4-14 is shown how this ratio increased after the first 
treatment unit but decreased in the final effluent, this is because of the low reduction of 
biodegradable fraction from W1 to W2 and the high removal of COD.  
 
The new post treatment showed a better performance, even so the removal efficiency/retention 
time ratio was not as in the first unit. So, in a global way, it would be not feasible at all to 
increase the treatment time in terms of organic matter removal; unless most of the batch 
loadings were with fresh septage. 
 
 

4.3.3. NH4
+ and TKN 

 
The exploratory analysis of NH4

+ and TKN along the OS3 is presented in tables 4-15 and 4-16, 
and graphic data is displayed in figures 4-14 and 4-15 as removal efficiencies. 
 
The NH4

+
 removal efficiencies in units W1 and W2 were 59% and 36% respectively, similar 

values than obtained during the OS2. The main difference between both strategies occurred in 
the W2, where the removal efficiencies were more stable; a 50% reduction of the median 
standard deviation was achieved, meaning that the solids dragging issue was the only fact that 
detracted the post treatment performance in OS2, because the retention time in OS3 seemed not 
to be significant in this process. 
 

Table 4-16. Exploratory analysis of NH4
+ during OS3 

Parameter 
Descriptive 
elements 

Concentration   Removal efficiency (%) 

Influent  Eff. W1  Eff. W2  W1  W2  Global 

NH4
+          

(mg/L) 

Number of 
data 

9  9  8  9  8  8 

Mean  97  40  25  58  37  71 

Median  94  33  20  59  36  68 

Minimum  22  10  7  19  8  47 

Maximum  186  91  57  86  71  88 

Standard 
deviation 

50  27  18  18  24  14 

Coefficient of 
variation 

0,51  0,68  0,72  0,31  0,64  0,20 

 
The TKN median removal efficiencies were 72% and 46% respectively, almost the same as 
occurred in OS2. In the same way as NH4

+
, the only one difference was the reduction of 

variability in the W2 removal efficiency, where the median standard deviation decrease from 
67 mg/L to 21 mg/L. So it is also stated that the solid dragging issue affected more than the 
retention time during the post treatment. 
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Table 4-17. Exploratory analysis of TKN during OS3 

 

Parameter 
Descriptive 
elements 

Concentration   Removal efficiency (%) 

Influent  Eff. W1  Eff. W2  W1  W2  Global 

TKN           

(mg/L) 

Number of 
data 

10  10  9  10  9  9 

Mean  168  42  24  73  43  84 

Median  128  38  20  72  46  87 

Minimum  61  14  10  61  9  65 

Maximum  380  92  51  89  74  90 

Standard 
deviation 

100  26  15  11  21  8 

Coefficient of 
variation 

0,59  0,61  0,63  0,15  0,49  0,10 

 
 
 
 

 

Figure 4-14. NH4
+ removal efficiencies in the influent and effluents from W1 and W2, during the OS3 condition 
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Figure 4-15. TKN removal efficiencies in the influent and effluents from W1 and W2, during the OS3 condition 

 
In this phase, the effluent NH4

+/TKN ratios also remained near 1. Supporting the statement that 
organic nitrogen was removed only during the first impounding time. 
 
With this results can be concluded that retention time only worked for the first unit, where most 
of the organic nitrogen and NH4

+ were removed. The post treatment with retention time did not 
improved significantly the removal efficiencies, only a stabilization of the performance was 
achieved, presumably due to the sedimentation of dragged solids. 
 
Even though denitrification in the unit W2 could not be monitored, the retention time could 
lead to processes like sulfur-driven denitrification or an ANAMMOX process; nonetheless, it 
is clear that a considerable amount of nitrate was still present in the effluent, as commented in 
section 4.2.3. 
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Table 4-18. Exploratory analysis of NH4
+/TKN5 ratio during OS3 

Parameter 
Descriptive 
elements 

Concentration  

Influent  Eff. W1  Eff. W2 

NH4
+/TKN 

Number of 
data 

9  9  8 

Mean  0,60  0,88  0,93 

Median  0,50  0,94  0,93 

Minimum  0,27  0,58  0,68 

Maximum  0,90  0,99  1,20 

Standard 
deviation 

0,23  0,14  0,17 

Coefficient of 
variation 

0,38  0,16  0,18 

 
 

4.3.4. TS and TVS 
 
The TS median removal efficiency achieved in W1 was 58.5% and the posttreatment reached a 
median of 30%. It seems that the retention time allowed the dragged solids to sediment; the 
efficiencies were lower because of the lack of accumulated sludge layer in this unit. So the little 
improvement is merely because of sedimentation or adsorption in the W2 media filter. 
 

Table 4-19. Exploratory analysis of TS during OS3 

Parameter 
Descriptive 
elements 

Concentration   Removal efficiency (%) 

Influent  Eff. W1  Eff. W2  W1  W2  Global 

TS             
(mg/L) 

Number of 
data 

9  9  8  9  8  8 

Mean  3050  961  606  53  32  70 

Median  1719  971  665  59  30  68 

Minimum  953  410  326  20  11  29 

Maximum  6203  1511  735  93  56  95 

Standard 
deviation 

2259  340  137  27  17  21 

Coefficient of 
variation 

0,74  0,35  0,23  0,52  0,53  0,31 
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Figure 4-16.  TS removal efficiencies in the influent and effluents from W1 and W2, during the OS3 condition 

 
The case of TVS was exactly the same as in TS. The efficiencies slightly improved with the 
retention time applied. This means that such a long impounding period for a post treatment is 
not feasible for further biodegradation, as commented in section 4.3.2. 

Table 4-20. Exploratory analysis of TVS during OS3 

Parameter 
Descriptive 
elements 

Concentration   Removal efficiency (%) 

Influent  Eff. W1  Eff. W2  W1  W2  Global 

TVS          
(mg/L) 

Number of 
data 

10  10  9  10  9  9 

Mean  1740  389  186  67  27  80 

Median  942  422  170  67  43  82 

Minimum  283  58  128  43  ‐121  55 

Maximum  4928  839  260  92  77  96 

Standard 
deviation 

1737  227  49  19  59  14 

Coefficient 
of variation 

1,00  0,58  0,26  0,28  2,15  0,17 

 
 
The TVS/TS ratio behaved in the same way for both OS; again, the rations did not change at 
all from W1 to W2. So even retaining the percolated fraction for another 7 days, the volatile 
fraction barely changed. In these terms, it would be reasonable to apply a rapid filtration step 
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to decrease the remaining pollutant concentration instead of giving more retention time, a 
solution with much less area demand. 
 

Table 4-21. Exploratory analysis of TVS/TS ratio during OS3 

Parameter 
Descriptive 
elements 

Concentration  

Influent  Eff. W1  Eff. W2 

TVS/TS 

Number of 
data 

9  9  8 

Mean  0,60  0,43  0,33 

Median  0,63  0,43  0,31 

Minimum  0,35  0,33  0,24 

Maximum  0,84  0,56  0,45 

Standard 
deviation 

0,17  0,07  0,07 

Coefficient of 
variation 

0,28  0,17  0,22 

 
 

 

Figure 4-17. TVS removal efficiencies in the influent and effluents from W1 and W2, during the OS3 condition 
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4.3.5. E. coli 
 
The tables 4-21 and figure 4-18 correspond to the exploratory analysis and the concentration 
graph (as presented in section 4.2.5) of the E. coli along OS3. 
 
The removal efficiency achieved during the first unit was similar as in OS2, something expected 
due to the same operational conditions, a median removal efficiency of 99.94% (equivalent to 
3 log removal units) was performed. However, the second unit displayed also a positive removal 
efficiency of 86.5% (little less than 1 log removal unit). This was something predicted due to 
the prolonged retention time, which in the first unit gave very good results. So the global median 
removal efficiency reached little more than 4 log removal units.  
 
It was clear that the long retention time enhanced the removal efficiency of E. coli; during the 
resting period, it is presumed that the most important processes of E. coli decay were the 
predation, principally by rotifers and ciliated protozoa, and sedimentation. In a minor 
proportion mortality could also occurred due to the prolonged periods. 
 

Table 4-22. Exploratory analysis of E. coli during OS3 

Parameter 
Descriptive 
elements 

Concentration (NMP/100mL)  Removal efficiency (%) 

Influent  Eff. W1  Eff. W2  W1  W2  Global 

E. coli        

Number of 
data 

10  10  9  10  9  9 

Mean  4,86E+07 1,52E+04  4,03E+03 99,8  71,9  99,93 

Median  1,67E+07 1,33E+04  1,10E+03 99,94  86,5  99,98 

Minimum  1,75E+06 1,00E+03  1,00E+03 99,2  ‐3,4  99,6 

Maximum  2,91E+08 3,14E+04  1,35E+04 99,99  96,6  99,9997 
Standard 
deviation 

8,74E+07 1,06E+04  4,60E+03 0,2  32,2  0,1 

Coefficient 
of variation 

1,80  0,70  1,14  0,002  0,45  0,001 
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Figure 4-18. E. coli concentrations in the influent and effluents from W1 and W2, during the OS3 condition 

 

4.4. ORP behaviour in W1 

The exploratory analysis corresponding to the ORP measurements inside W1 are displayed in 
figure 4-19. There, each boxplot represents a different measurement points, namely: 
 

i) Influent_RS. – This point corresponds to the influent representative sample taken from 
the septic truck, just before get into W1 (procedure described in section 3.4.1) 

ii) T1.-Day 2. – These ORP lectures correspond to the deepest pipe, named T1, two days 
after the septage application (pipe positions shown in figure 3-11) 

iii) T2.-Day 2. – These ORP lectures correspond to the second deeper pipe, named T2, two 
days after de septage application 

iv) T1.-Day 6. – Same as point ii) but six days after septage application 
v) T6.-Day 6. – Same as point iii) but six days after septage application 

vi) Effluent_RS. – This point corresponds to the effluent W1 representative sample, taken 
six days after the sludge application (procedure described in section 3.4.2) 

 
It is worth noting that ORP monitoring was performed only in T1 and T2 because the percolated 
level did not reach the T3 and T4 levels after two days. The water loss due to accumulated 
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sludge bed retention and evapotranspiration was not contemplated when the pipes were 
installed. 
 
Since the arrival, septage presented anaerobic conditions (a median ORP value of -151 mV), 
something anticipated because of the influent source. Then, after 2 days of retention time the 
ORP values decreased up to a median removal efficiency of -271 mV and -196.4 mV for T1 
and T2 respectively. Afterward, at day 6 the median values were -218.9 mV and -207.4 mV 
respectively. Finally, the W1 effluent gave a median of -7.2 mV. 
 
At first sight it is concluded that the entire median valued was negative, actually only a couple 
of samples at the effluent gave low positive values. So we can assert that the whole treatment 
process in unit W1 was anaerobic. Another observation is that the lowest median ORP values 
corresponded to the deeper lecture points (T1), followed by the lectures in T2. This denotes a 
vertical ORP zonation in the water column of the W1, where the lowest values are at the bottom 
and an increased is perceived as the percolated was closer to the surface. 
 
 

 

Figure 4-19. ORP monitoring within W1 

 
 



Results and discussion 68

 

According to the results, the whole percolated volume remains in an anaerobic environment 
once it has reached the bottom. Thus, the fact that lowers ORP values than found in septage 
influent were obtained, means that W1 filter media is colmated with detritus and accumulated 
septage residues. So, the prolonged exposure of the percolated volume to extreme anaerobic 
conditions (< -200 mV) would be the main reason of organic matter removal along the retention 
period, complementing the removal achieved by the filtration and aerobic degradation, during 
the first minutes of the batch loading.  
 
To the contrary, it is presumed that the aerobic processes only occurred while the septage 
percolates through the rhizosphere enmeshed in the accumulated sludge layer, and when the air 
trapped in the empty spaces of filter media is withdrawn for the percolated fraction. Therefore, 
the nitrification and denitrification processes only could have occurred around the first 40 cm 
depth (from accumulated sludge layer surface to bottom) of W1. This assumption is because in 
the last 40 cm depth, only ORP values lower than -100 mV were found, so theoretically any 
microorganism in charge of those processes could dwell (Sperling and Chernicharo 2005b).  
 
The ORP values in the effluent are the highest because of the increased DO concentration in 
the samples (assumption explained in section 4.2.1). 
 

4.5. Comparison between OS2 and OS3 

In order to compare the performance of the strategies selected (OS2 and OS3) in the present 
study two different approaches were analysed: 
 

1. In terms of removal efficiencies. - Comparing the removal efficiencies between the two 
strategies would help to select the appropriate one in a general way, regarding the 
economic and spatial feasibility, for implementing in real life situations. 
 

2. In terms of regulations discharges compliance. – This comparison would help to tell apart 
in which situations, regardless of extra costs or space, would be suitable to apply one 
strategy or the other. 

 
The results and comments about these two approaches are presented in section 4.5.3. 
 

4.5.1. Comparison in terms of removal efficiencies 
 
The comparison was performed for the following parameters: COD, BOD5, NH4

+
, TKN, TS, 

TVS and E. coli. For each one, the effect of the strategies (OS2 or OS3), the effect of each 
wetland unit (W1 or W2) and its interactions were evaluated with an ANOVA test (as described 
in section 3.5). The complete summary of the analysis performed in the software R, is presented 
in the appendix B. 
 
COD: 
 
In the table 4-22 are presented the ANOVA test results for the COD removal efficiency. For 
this parameter the interaction between the strategies and the wetland units were significant (p-
value lower than 5%). So it is necessary to apply a contrast test for evidencing this interaction. 
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Table 4-23. Evaluation of COD removal efficiency 

ANOVA_COD  numDF  denDF  F ‐ value  p ‐ value 

Strategy  1  19  7,03173  0,0157 

Sample  1  19  41,58592  <,0001 

Strategy:Sample  1  19  13,2035  0,0018 

 
 
In table 4-23 a summary of the contrast test is displayed. The interpretations of those results are 
as follows:  
 

i) First row. - For the unit W1 there is no difference between the OS2 and OS3 (t > 5%) 
ii) Second row. - For the unit W2 there is a difference between OS2 and OS3 (t < 5%) 

 
In figure 4-20 is shown the graph of COD removal efficiencies interactions. 
 
Between the two OS, only the post treatment presented a significant difference in a positive 
way. It means that the extra retention time in W2 improves significantly the COD removal 
efficiency, therefore is a better post treatment strategy in this terms.  
 

Table 4-24. Contrast test for COD removal efficiency 

Contrast       S.E.        Lower  Upper   t   df  Pr(>|t|) 
W1: OS2‐OS3 
0,09268928 

0,1334959  ‐0,178053  0,3634316  0,69  36  0,4919 

W2: OS2‐OS3 
‐0,59331613 

0,1334959  ‐0,8640584  ‐0,3225739  ‐4,44  36  0,0001 
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Figure 4-20. COD removal efficiencies interactions 

BOD5: 
 
In the table 4-24 are presented the ANOVA test results for the BOD5 removal efficiency. In this 
case the interaction between the strategies and the wetland units were not significant (p-value 
higher than 5%), so we proceed to verify the possible significance in each factor individually.  
 
The results indicate that samples, namely W1 and W2, present a significant difference (p-value 
< 5%) independently of the strategy performed. This means that no matter if the strategy 
changed, the BOD5 removal efficiency behaves in the same way (high removal efficiencies in 
W1 and low removal efficiencies in W2). This analysis reaffirms the fact that most 
biodegradable organic matter is removed in the first unit, being useless prolonged retention 
times, for most of the samples, in W2. Nonetheless, it is important to repeat what was stated in 
section 4.2.2.: when the influent batches were with fresh septage, the post treatment in OS3 
achieved good removal efficiencies. 
 
In figure 4-21 can be appreciated graphically the results commented above. 
 

Table 4-25. Evaluation of BOD5 removal efficiency 

ANOVA_BOD5  numDF  denDF  F ‐ value  p ‐ value 

Strategy  1  18  0,49167  0,4921 

Sample  1  18  72,70232  <,0001 

Strategy:Sample  1  18  0,41865  0,5258 
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Figure 4-21. BOD5 removal efficiencies interactions 

NH4
+: 

 
In the table 4-25 are presented the ANOVA test results for the NH4

+ removal efficiency. This 
parameter showed similar results as BOD5; the interaction between the strategies and the 
wetland units were not significant (p-value higher than 5%) but the difference in removal 
efficiencies, between the wetland units, were significant independently of the strategy. So, the 
post treatment proposed did not remove significantly the NH4

+ concentration; the nitrification 
process in W2 was minor. 
 
In figure 4-22 can be appreciated graphically the results commented above. 

Table 4-26 Evaluation of NH4
+ removal efficiency 

ANOVA_NH4
+  numDF  denDF  F ‐ value  p ‐ value 

Strategy  1  17  1,14740  0,2991 

Sample  1  17  6,54563  0,0204 

Strategy:Sample  1  17  0,10838  0,746 
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Figure 4-22. NH4
+ removal efficiencies interactions 

 
TKN: 
 
In the table 4-26 are presented the ANOVA test results for the TKN removal efficiency. Alike 
BOD5 and NH4

+
, the TKN results did not show interaction between the strategies and the 

wetland units (p-value higher than 5%) but the difference in removal efficiencies, between W1 
and W2, were significant independently of the strategy. As commented in section 4.2.3, the 
high efficiency in W1 was due to the filtration process and the organic nitrogen depletion; in 
W2 the nitrification process ruled the TKN removal efficiency, thus the irrelevance of high 
retention times in post treatment phase. 
 
In figure 4-23 can be appreciated graphically the results commented above. 
 

Table 4-27. Evaluation of TKN removal efficiency 

ANOVA_TKN  numDF  denDF  F ‐ value  p ‐ value 

Strategy  1  15  0,33894  0,5691 

Sample  1  15  12,63105  0,0029 

Strategy:Sample  1  15  1,05727  0,3201 
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Figure 4-23. TKN removal efficiencies interactions 

 
TS: 
 
In the table 4-27 are presented the ANOVA test results for the TS removal efficiency. Such as 
COD, the interaction between the strategies and the wetland units were significant (p-value 
lower than 5%). So it is necessary to apply a contrast test for evidencing this interaction (results 
in table 4-28). 

Table 4-28. Evaluation of TS removal efficiency 

ANOVA_TS  numDF  denDF  F ‐ value  p ‐ value 

Strategy  1  9  0,92742  0,3607 

Sample  1  9  20,22518  0,0015 

Strategy:Sample  1  9  10,46575  0,0102 

 
The interpretations of those results are as follows:  
 

i) First row. - For the unit W1 there is no difference between the OS2 and OS3 (t > 5%) 
ii) Second row. - For the unit W2 there is a difference between OS2 and OS3 (t < 5%) 
 
This means that removal efficiency in W2 along OS2 is significantly different than during OS1. 
This was something obvious, since the removal efficiencies changed from negative efficiencies 
up to more than 30% removal values. Regarding the performance of W1 between both 
strategies, there was not significance. 
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Figure 4-24.TS removal efficiencies interactions 

Table 4-29. Contrast test for TS removal efficiency 

Contrast       S.E.        Lower  Upper   t   df  Pr(>|t|) 
W1: OS2‐OS3 

0,2279 
0,1468  ‐0,0833  0,5391  1,55  16  0,1402 

W2: OS2‐OS3 
‐0,4315 

0,1468  ‐0,7427  ‐0,1202  2,94  16  0,0096 

 
TVS: 
 
In the table 4-29 are presented the ANOVA test results for the TVS removal efficiency. For this 
parameter the effect of the units and strategies themselves, and their interactions were 
significant (p-value lower than 5%).  
 
For this parameter the contrast test could not be performed because of the great variability in 
removal efficiencies (sensitive parameter to the solids dragging issue) in very limited number 
of data. Nonetheless, the graph displayed in figure 4-25 show the improvement of removal 
efficiency in the W2, due to the change from OS2 to OS3. 

Table 4-30. Evaluation of TVS removal efficiency 

ANOVA_TVS  numDF  denDF  F ‐ value  p ‐ value 

Strategy  1  9  14,40669  0,0042 

Sample  1  9  30,66747  0,0004 

Strategy:Sample  1  9  27,64402  0,0005 
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Figure 4-25. TVS removal efficiencies interactions 

 
E. coli: 
 
In the table 4-30 are presented the ANOVA test results for the E. coli removal efficiency. For 
COD and TS, the interaction between the strategies and the wetland units were significant (p-
value lower than 5%). And only the W2 presented significance between the strategies. In this 
case, the figure 4-26 shows clearly this statement. 
 
The results from this analysis confirm the difference between a post treatment with retention 
and no retention time in terms of E. coli removal. So it is clear the improvement reached by 
OS3 regarding this parameter. 
 

Table 4-31. Evaluation of E. coli removal efficiency 

ANOVA_E. coli  numDF  denDF  F ‐ value  p ‐ value 

Strategy  1  12  13,76479  0,003 

Sample  1  12  10,03390  0,0081 

Strategy:Sample  1  12  13,824827  0,0029 
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Figure 4-26. E. coli removal efficiencies interactions  

Table 4-32. Contrast test for E. coli removal efficiency 

Contrast       S.E.        Lower  Upper   t   df  Pr(>|t|) 
W1: OS1‐OS2 

‐0,0309987 
1,048261  ‐2,204960  2,142963  ‐0,030000  22  0,976700 

W2: OS1‐OS2 

5,50591098 
1,048261  ‐7,679872  ‐3,331950  ‐5,250000  22  0,000000 

 

Table 4-33. Summary of the comparative analysis between both strategies 

Parameters 
evaluated 

Significant difference between: 

The strategies regarding the 
performance of W2 

The performance of the units, W1 and 
W2, regardless the strategy 

COD (mg/L)  O    

BOD5 (mg/L)     X 

NH4
+ (mg/L)     X 

TKN (mg/L)     X 

TS (mg/L)  O    

TVS (mg/L)  O    

E. coli                  
(MPN/100ml) 

O    
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A summary of the comparative analysis is displayed in the table 4-32 (above). Thereby, it is 
easy to visualize which parameters improved due to the change in OS; from the seven 
parameters analyzed, four increased its removal efficiency (significantly) with the OS3 and 
three remained with similar efficiencies (without significant change) as in OS2.  
 
As a result, the following points are asserted: 
 

a) The extra retention time proposed in the post treatment did not improved the nitrogen 
removal significantly because, as commented in section 4.2.3, the main processes 
involved (filtration and nitrification) do not require prolonged times. 
 

b) The extra retention time proposed in the post treatment did not increase the 
biodegradation of organic matter significantly, because most of it was already depleted; 
nevertheless, in a few cases, when high BOD loads were present, the biodegradation 
continued during the second retention time. 
 

c) The extra retention time proposed in the post treatment improved the COD, TS and 
TVS, because of the sedimentation of the dragged particles. So it is presumable that, for 
these parameters, retention times of less than 24 hours would give similar or the same 
results as with the prolonged retention time, evaluated in this research. 
 

d) The increment of E. coli removal efficiencies was the only improvement associated with 
the prolonged retention time in W2. This means that in the SDRBS the E. coli decay 
occurred for processes in function of time, such as predation, sedimentation and 
mortality. 

 
 

4.5.2. In terms of discharge regulations 
 
In this section the quality of the final effluents, from OS2 and OS3, are compared with respects 
to three different standard regulations as described below: 
 

I. COPAM/CERH-MG n°1 of 5/may/2008.- This normative deliberation governs the 
conditions and standards of effluent discharges in the state of Minas Gerais, Brazil. This 
would be the normative to comply with in the place where the experiments were 
performed. In the graphs and description presented, the symbol “*” corresponds to this 
normative (COPAM 2008). 

II. World Health Organization (WHO) guidelines for the safe use of wastewater, excreta 
and greywater, volume 2: wastewater use in agriculture of 2006.- These guidelines 
regulate the effluent discharges in terms of pathogenic contamination, to human health 
risks in agricultural activity. In the graphs and description presented, the symbol “**” 
corresponds to this normative (WHO 2006a). 

III. Suggested guidelines for the treatment of faecal sludge by the Department of Water 
and Sanitation in Developing Countries (SANDEC). - This department belongs to the 
Swiss Federal Institute of Aquatic Science and Technology (EAWAG). These 
recommendations are very interesting for being specifically for effluents of faecal 
sludge treatment units. So these guidelines are based on the field experience in this 
sanitary area. However, these should not be used as standard regulations and require 
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careful examination depending the local situations. As a consequence, the established 
limits are less rigorous than the common wastewater effluent guidelines. In the graphs 
and description presented, the symbol “***” corresponds to this normative (Heinss et 
al. 1998). 

IV. NOM-001-ECOL-1996 and NOM-003-ECOL-1997.- These official normative govern 
the conditions and standards of reuse and effluent discharge of wastewaters (domestic, 
municipal, industrial and agricultural) in México; it is important to emphasize that this 
normative does not consider sludge. In the graphs and description presented, the symbol 
“****” corresponds to this normative (SEMARNAT 1996; SEMARNAT 1997). 

 
Firstly, the percentiles graph analysis of the organic matter removal efficiencies are presented, 
to ascertain the compliance with the conditions for the release of effluents, without considering 
the recipient water body, according to the Brazilian standards (I). 
 
 

 

Figure 4-27. Compliance of the minimum COD removal efficiencies established in the COPAM/CERH-MG n°1 

 
The graphs show the minimum mean annual removal efficiency required for municipal 
wastewater treatment systems and for other ones (not specified). Since any detailed about the 
pollutants sources is mentioned, it is not certain where the septic sludge fit; it would be correct 
to consider the septage as municipal wastewater if it belongs exclusively to septic tanks from 
householders, and consider it as “others” if it belongs to septic tanks from business non related 
to human waste production (i.e. faecal matter, food waste, grey water). 
 
Regarding the COD removal efficiencies, in figure 4-27 it is observed that both effluents (from 
OS2 and OS3) comply, at 100% of the discharges, with the municipal wastewater limits. On 
the other hand, only the effluent from OS3 comply at 100% with the “others” category, while 
the 90% of the discharges from OS2 comply with that limit. 
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Figure 4-28. Compliance of the minimum BOD5 removal efficiencies established in the COPAM/CERH-MG n°1 

 
With regards to the BOD5 removal efficiencies, the OS2 effluents comply around 95% of the 
time for the municipal wastewater limits and 90% for the “others” category. The OS3 effluents 
comply with a 100% with the municipal wastewater limit and around 85% of the time for the 
“others” category. 
 
Even though the results are very good for the removal efficiency lineaments, it is still mandatory 
to comply with the nitrogen parameters (NH4

+ regulation presented later) and the special 
regulations regarding the recipient water body, in order to confirm that effluents are apt to be 
safely disposed in the environment. 
 
Secondly, the percentile graph analysis of COD, BOD5, NH4

+ and E. coli limit concentrations 
are presented, corresponding to the three different mentioned guidelines; with the purpose of 
knowing the compliance with specific conditions regarding the recipient water body, which are 
described below: 
 

 Class 2 (*). – The effluent can be discharged in this specific water body category; some 
characteristics of this category are: water used for recreation with primary contact 
(swimming), irrigation of gardens and sport fields, aquaculture and fishing waters, water 
supply after conventional treatment, etc. (more information in the respective guidelines) 

 Class 3 (*). – The effluent can be discharged in this specific water body category; some 
characteristics of this category are: water used for recreation with secondary contact, 
irrigation of trees and cereals, water supply after advanced treatment, etc. (more 
information in the respective guidelines) 

 Class 4 (*). – The effluent can be discharged in this specific water body category; some 
characteristics of this category are: navigation waters, landscaping, etc. (more 
information in the respective guidelines)  
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 Vegetable irrigation (**). – The effluents can be used for irrigation of crops likely to be 
eaten uncooked 

 Restricted irrigation (**). – The effluents can be used for irrigation of cereal crops, 
industrial crops, fodder crops, pasture and trees. In specific cases, local epidemiological, 
sociocultural and environmental factors should be taken in account  

 Seasonal rivers (***). – This condition means that the effluent can be discharged in a 
river with intermittent stream, namely, its flow is in function of meteorological 

 Perennial rivers (***). – This condition means that the effluent can be discharged in a 
river with continuous stream, namely, its flow is constant all year round 

 Sea discharge (***). – The effluent can be discharged directly into the sea; any distance 
is specified. 

 Public services 1 (****). – The effluent can be discharged in recreational waterbodies, 
used for park and garden irrigation and for car washing 

 Public services 2 (****). – The effluent can be used for golf fields irrigation, fire 
extinguishing systems supply and no recreational waterbodies 

 Rivers 1 (****). – The effluent can be discharged in any kind of river without risking 
the aquatic wildlife, as well as the described in Rivers 2 and 3 conditions 

 Rivers 2 (****). – The effluent can be discharged in any kind of river intended for water 
supply considering a subsequent potabilisation, as well as the described in Rivers 3 

 Rivers 3 (****). – The effluent can be discharged in any kind of river intended for 
irrigation activities 

 Coastal waters 1 (****). – This effluent can be discharged in coastal waters utilized for 
recreational activities and in estuaries, as well as the described in the Coastal waters 2 
conditions 

 Coastal waters 2 (****). – This effluent can be discharged in coastal waters where 
navigation and fishing activities takes place.  
 

In figure 4-29 are presented the percentile graphs corresponding to the COD effluent 
concentrations. It can be observed that effluents from OS2 and OS3 presented 100% of the 
times, concentrations below the minimum requirement for any river or sea discharge. In this 
terms the results were very satisfactory.  

In figure 4-30 are presented the percentile graphs corresponding to the BOD5 effluent 
concentrations. Both effluents did not comply with the Class 3 nor Class 4 minimum 
concentration limits. In particular, OS2 effluents complied 100% of the times with the seasonal, 
perennial and sea discharges minimum requirements; as well, complied 20% of the times for 
public services 1, 60% for public services 2 and rivers 1 and 90% for coastal waters 1 and rivers 
2.  

On the other hand, OS3 effluents complied approximately 72% of the times for coastal waters 
1 and rivers 2, 78% of the times for the seasonal rivers and 96% for perennial ones and sea 
discharges. 
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Figure 4-29. Compliance of the limits of COD concentrations established in SANDEC standards 

 

 

Figure 4-30. Compliance of the limits of BOD5 concentrations established for SANDEC and COPAM/CERH-MG n°1 
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In figure 4-31 are presented the percentile graphs corresponding to the NH4
+ effluent 

concentrations. For seasonal rivers requirements, the OS2 effluents complied 55% of the times 
and OS3 effluents 70% of the times. As well, the same limitation applied for the requirement 
of Brazilian general release of effluents, commented above (figures 4-27 and 4-28); so, even if 
organic matter removal efficiencies limits are complied, this parameter will rule the final 
discharge compliance. For the perennial rivers and sea discharge, the OS2 effluents comply 
with 90% of the times and OS3 with the 79% of the times. 
 
In figure 4-32 are presented the percentile graphs of E. coli effluent concentrations. Regarding 
the vegetable irrigation and class 2 limits, only the OS3 complied with 45% of the times. With 
the seasonal rivers limits the OS2 complied 53% and OS3 90% of the times. And about the 
perennial rivers, restricted irrigation and class 3 and 4 limits, the OS2 effluents complied 88% 
of the times while the OS3 effluents 100% of the times. 
 
 

 

Figure 4-31. Compliance of the limits of NH4
+ concentrations established for SANDEC and COPAM/CERH-MG n°1 
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Figure 4-32. Compliance of the limits of E. coli concentrations established for SANDEC, WHO and COPAM/CERH-MG n°1 

 

4.5.3. Conclusions and comments from the comparison of results 
 
From the first comparative analysis (section 4.5.1), the conclusion would be that OS3 is not 
worth it; extremely high extra costs, related to infrastructure and land area required, would be 
required to enhanced extra percentage of removal efficiencies for some parameters. In any case, 
even if the economic resources were not the problem, in some peri-urban regions the land area 
is not available at all. 
 
So, the OS3 is not feasible for septic sludge treatment in places where land availability is limited 
or in regions where the land costs are high; for the elevated investments costs that this strategy 
would imply, it would be more correct to test shorter retention times in the post treatment unit 
or a rapid filtration technology instead. 
 
From the second comparative analysis (section 4.5.2), it is asserted that against pathogenic 
contamination, the OS3 could be worthwhile. So, contrarily to the section 4.5.1 conclusion, it 
seems that this strategy would be suitable for specific conditions regardless the extra cost 
involved, especially for the treatment of small septage volumes. 
 
The benefits could be large for two different situations: i) small remote communities presenting 
water scarcity would be able to utilize the treatment effluents for irrigation, confronting very 
low health risks; ii) small communities, that normally dump the faecal sludge in their own water 
supply sources (surface or underground fresh water bodies), would be able to discharge the 
effluents in any kind of river, confronting very low health risks. 
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4.6. Accumulated sludge layer characteristics 

The accumulated sludge layer characterization is divided in terms of physical parameters (TS 
and TVS) and pathogenic contamination parameters (Total coliforms, Escherichia coli and 
viable Ascaris lumbricoides eggs) 
 

4.6.1. TS and TVS 
 
An exploratory analysis was performed with the sludge layer solids tests results. For this 
instance, the solids concentrations are presented as percentages of dry solids; the results are 
displayed in the table below (table 4-33).  
 

Table 4-34. Exploratory analysis of the accumulated sludge layer composition in terms of TS and TVS 

Parameter 
Accumulated sludge layer 

Number 
of data 

Mean  Median  Minimum  Maximum 
Standard 
deviation 

Coefficient 
of variation 

TS (%)  9  47,2  44,3  37,0  65,2  9,1  0,2 

TVS (%)  9  37,1  40,2  17,8  50,5  9,9  0,3 

 
 
The median TS content was 44.3%, with a standard deviation of 9.1%. The data presented a 
low variability in time (figure 4-34) because the sampling campaign occurred during weekly 
sludge applications (OS3), so the accumulated sludge remained frequently wet. However, the 
percentages always remained comparable with the results obtained by drying beds or belt press 
filters (Sperling and Chernicharo 2005a). To have a better perception of the dewatering 
efficiency achieved by the VFCW unit (W1), in figure 4-35 is shown the median percentage of 
TS and TVS from the septage influent. 
 
The high dewatering efficiency is attributed mainly to the constant evapotranspiration and plant 
growth, nonetheless the weekly resting phase also permitted the water draining. 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4-33. Median percentage values of TS, Moisture, TVS and TFS in the accumulated sludge layer 
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Figure 4-34. Concentration of TS, TVS and Moisture in the accumulated sludge layer along the monitoring period 

From the total solids, a median of 40% belonged to the volatile fraction, while the remaining 
60% to the fixed fraction. The dewatering results were slightly better than the those reported by 
Suntti 2010, where TS percentages of 24% and 33% were obtained. Nonetheless, the results 
regarding TVS were the same, with 40% of the TS belong to volatile fraction both operated 
units.  
 
The accumulated sludge layer had a median TVS concentration of 40% while the median 
concentration obtained in the septic tank sludge discharges was 50%, this fact indicates that a 
mineralization rate during the wetland operation takes place. The volatile fraction reduction is 
merely attributed to the nutrient and moisture uptake by the root system of the Cynodon 
Dactylon Pers. 

 

Figure 4-35. Median percentage values of TS, Moisture, TVS and TFS in the septage influent 
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4.6.2. Pathogenic contamination 
 
In this section the quality of the accumulated sludge layer, from OS3, are compared respects to 
three different standard regulations; following, these are mentioned and described: 
 

I. CONAMA n°375 of 29/august/2006.- This Brazilian normative governs the conditions 
and standards for the agricultural use of wastewater sludge, generated in municipal 
wastewater treatment plants and products derived therefrom. In the graphs and 
description presented, the symbol “+” corresponds to this normative (CONAMA 2006) 

II. World Health Organization (WHO) guidelines for the safe use of wastewater, excreta 
and greywater, volume 4: excreta and graywater use in agriculture of 2006.- These 
guidelines regulate the effluent discharges in terms of pathogenic contamination, to 
human health risks in agricultural activity. In the graphs and description presented, the 
symbol “++” corresponds to this normative (WHO 2006b) 

III. NOM-004-SEMARNAT-2002.- This Mexican normative, governs the specification and 
maximum permissible limits of pollutants, in sludge and biosolids, for its reuse or final 
disposal. In the graphs and description presented, the symbol “+++” corresponds to this 
normative (SEMARNAT 2002)  

 
The pathogenic contamination monitoring consisted in the analysis of Total coliforms, 
Escherichia coli and viable Ascaris lumbricoides eggs. The exploratory analysis of the first two 
parameters is presented in the following table (table 4-34).  
 

Table 4-35. Exploratory analysis of the accumulated sludge layer composition in terms of Total Coliforms and E. coli 

Parameter 
Accumulated sludge layer 

Number 
of data 

Mean  Median  Minimum  Maximum 
Standard 
deviation 

Coefficient 
of variation 

Total 
Coliforms 
(MPN/gTS) 

7  1,14E+08  5,32E+07  7,01E+06  3,64E+08  1,28E+08  1,12 

E. Coli 
(MPN/gTS) 

7  5,48E+06  1,11E+06  2,18E+05  2,70E+07  9,87E+06  1,80 

 
 
The median concentration of Total coliforms and E. coli were 5.32E+07 NMP/gTS and 
1.11E+06 NMP/gTS, respectively. The results were little higher than the obtained by Käfer 
2015, 4.6E+06 NMP/gTS for Total coliforms and 3.0E+04 NMP/gTS for E. coli; this is 
attributed merely to the influent characteristics, since the median concentrations in septage 
presented similar differences, in proportion to the obtained in this research. 
 
Besides the descriptive analysis, a qualitative one is performed comparing the proceeds with 
the three different guidelines mentioned at the beginning of this section. The specific 
conditions, regarding the disposal place, to those lineaments are as follows: 
 

 Class A (+). – These biosolids can be utilized for any crop type except: pastures, 
vegetable, tubers and any other crop whose edible parts are in direct contact with the 
soil (more information in the respective guidelines) 
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 Class B (+). – These biosolids can be utilized only for coffee crops, silviculture and 
crops for the production of fibers and oils considering mechanical methods of harvesting 
(more information in the respective guidelines) 

 Agricultural use (++). – Details of application procedures are not described 
 Class A (+++). – These biosolids can be utilized in urban areas with direct contact to 

the public, as well as the usages corresponding to Class B and C of this normative 
 Class B (+++). – These biosolids can be utilized in urban areas without direct contact to 

the public, as well as the usages corresponding to Class C of this normative 
 Class C (+++). – These biosolids can be utilized in silviculture, soil conditioning and 

restrictive agriculture (more information in the respective guidelines) 
 
In figure 4-36 are displayed the E. coli and Total coliforms concentrations, in MPN/gTS, along 
the sampling campaign, as well, the limits corresponding to the class A (from México and 
Brazil), class B, class C and for the agricultural use. 
 
The accumulated sludge layer did not achieve the class A, from Brazilian and Mexican 
standards, nor the use in agriculture according to the WHO guidelines, in terms of E. coli 
concentrations; on the other hand, three of the seven samples (43%) complied with the class B 
and five of the seven samples (71%) complied with the Class C limits. In consequence, the 
results indicate that while the SDRBS is operating, the accumulated sludge layer could be 
applied, occasionally, in specific situations like silviculture or solid conditioning, nonetheless 
it would be recommendable to treat the biosolid previously. 
 
From figure 4-37, it is perceived that E. coli concentrations are similar in the influent and sludge 
bed, while in the effluent more than half influent concentration is still present; it means that the 
accumulated sludge layer does not remove E. coli during the batch loads, as well as a more than 
half concentration, apparently, percolates through the sludge bed and filter media. It is 
important to mention that, for this comparisons the parameters were graphed in MPN/100ml in 
order to pair with the pathogenic units used in the liquid fraction. 
 
In regards of the helminth eggs, only 4 tests of Ascaris lumbricoides eggs viability were 
quantified; therefore, any statistical analysis was performed. In figure 4-38 are displayed the 
viable Ascaris lumbricoides eggs counts and three limit standards, in order to know the 
accumulated sludge layer quality in terms of these parasite. It is important to mention that the 
viability test of Ascaris lumbricoides eggs consider the worst case scenario for this kind of 
parasites. This specimen is considered the most important due to its high presence and 
prevalence in wastewater and sludge (Jiménez 2006b; Bastos and Cutolo 2012; Sengupta et al. 
2012); so that, the measured data could be compared with the three different standards. 
 
It is observed that the sludge accumulated did not comply with the Class A (regarding the 
Brazilian and Mexican standards) limit nor the limit established by the WHO, nonetheless it is 
able to be used as a Class B (regarding the Brazilian and Mexican standards) and Class C 
biosolid. 
 
Most of the standard limits for agricultural reuse were not complied (1/5 for E. coli and 2/5 for 
helminth eggs). The results confirm that sludge accumulated has to be handled carefully to 
avoid pathogenic diseases. 
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As commented in section 2.9.1, the resting phase period would help to decrease pathogens but 
would not be a complete disinfection treatment, especially because of the amount of helminth 
eggs present. So, a composting process or a drying procedure with pH control, as Maya et al. 
2012 recommend, would be mandatory to inactive these pathogens and avoid health risks. 
 
 

 

Figure 4-36. Compliance of the limits of E. coli concentrations established for CONAMA n°375130, WHO and NOM-004-
SEMARNAT-2002 
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Figure 4-37. Concentration comparison of E. coli among the accumulated sludge layer and the influent and effluent 
liquid fraction 

 

Figure 4-38. Compliance of the limits of helminth eggs concentrations established for CONAMA n°375130, WHO and 
NOM-004-SEMARNAT-2002 
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4.7. Plant monitoring 

The Cynodon dactylon Pers (Tifton-85) did not present problems of adaptation or wilting along 
the experimental period. It is important to mention that the plants were already acclimatized 
and that the accumulated sludge layer had a depth enough to maintain the rhizomes with enough 
humidity during the 6-day resting times. Even, the wetland unit was exposed to more prolonged 
resting times (up to 2 weeks, in December) and no sign of wilting was observed. 
 

4.7.1. Height 
 
After the cutting periods, the plants grew with an outstanding speed (see figure 4-39) during 
the first 4 weeks, reaching heights of 40 cm. From week 4 to 8, the rate decreased almost to a 
50%. After the 8th week the growing was barely noticeable. These observations were already 
presented in previous experiments with the same plant (Cota 2011; Calderón-Vallejo 2015; 
Franco Andrade 2015), that is why the 2 month cutting periods were already established. 
 
Nonetheless, during this research a delimited area of the wetland was not cut in the second 
cutting period, therefore height lectures after 16 weeks were performed. This demonstrates that 
after prolonged periods (>8 weeks), the plant speed growth decrease considerably.  
 
 

 

Figure 4-39. Graph of the Cynodon Dactylon Pers height along the monitoring period 

 

4.7.2. Density 
 
The density of this specimen is extremely high, and average of 1200 units per m2 were found 
in the W1, a much higher amount than the presented for other plant specimens such as T. 
Angustifolia and P. Australis; this result is attributed to the Cynodon Dactylon Pers 
morphology, this specimen has much thinner stems and rhizomes. 
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As a comparative example, Koottatep et al., 2002, reported a density of T. Angustifolia, in a 
VFCW treating septage, of up to 50 cuttings per m2.  
 
It is important to mention the following observation; after each cutting, the Tifton-85 multiply 
the number of stems for the new period.  
 

4.7.3. Productivity 
 
The observations carried out in the previous sections (4.7.1 and 4.7.2) are reflected and 
quantified in terms of dry mass productivity in this section. 
 
From the two harvest periods performed, two results were obtained; in figure 4-39 are presented 
the dry biomass productivities, in tons per hectare per year, considering cutting periods every 2 
and 4 months. It is observed the huge difference of production only for not comply with the 
suggested cutting intervals. If the cutting is performed every 2 months, up to 47.43 tons per 
hectare per year can be harvested while every 4 months only 26.07 tons per hectare per year.  
 
The productivity calculated is extremely higher than the reported by Calderón-Vallejo 2015 
approximately 2 years before, during the OS1. In that time a production of only 2 tons per 
hectare per year were reported. However, multiple causes are attributed to the high production 
increase: the role of accumulated sludge layer, the percolated retention time, the complete 
acclimatization of the plants and the multiple cutting periods performed. 
 
So, it is proved that as time goes in these kind of sludge treatment systems, the plant production 
continues increasing. 

 

 

Figure 4-40. Graphs of plant dry biomass productivity 
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CHAPTER 5   

Conclusions and recommendations 
 
 

5.1. Conclusions 

This research assessed the performance of two different operational strategies in a full-scale 
sludge drying reed bed system for the treatment of septic tank sludge; for this purpose, the 
influent and effluent liquid fractions, as well as the filtrated solids, were characterized. In 
addition, a statistical comparison between the two strategies was made in order to define the 
advantages and disadvantages each other. A special attention was put on the quality of the 
products, regarding different guidelines for the safe reuse. From the objectives and research 
questions of this study, the following conclusions were derived: 
 

i. The septic tank sludge treated during this research was very diluted, hence the SLR 
applied were considerably lower; the median SLR obtained during this research was 23 
kgTS/m2*year, which is up to tenfold lower than reported in literature for similar 
experiments. Therefore, higher volumes of percolated are produced and less solids are 
deposited on top of the wetland; as a consequence, the accumulation rate of the sludge 
layer is low, as well as the expected removal efficiencies during the start-up period  
 

ii. The organic matter removal efficiencies in both strategies were higher than 89% in the 
percolate. This result indicated that the OS2 demanded less area than the OS3 to produce 
a percolated with very similar quality, being more optimal the use of OS2 regarding the 
organic matter removal 
 

iii. The nitrogen removal efficiencies, in terms of TKN and NH4
+, were higher than 68% in 

both strategies. According to the statistical analysis, no significant differences were 
found between the two strategies regarding both nitrogen compounds, indicating that 
the removal of TKN and NH4

+ will be the same no matter which strategy is chosen, 
consequently the use of OS2 is better for the removal of those 
 

iv. During OS3, the removal efficiencies of TS and TVS in the percolated fraction were 
68% and 82% respectively; the results were significantly higher than in OS2, where the 
removal efficiencies were 56% for TS and 73% for TVS 
 

v. The removal of E. coli during the OS2 was 2.1 log units, while during the OS3 was 4.2 
log units. The statistical analysis indicated that OS3 was significantly better than OS2 
regarding this parameter. 
 

vi. The pathogenic quality of the accumulated sludge layer was not good enough, 
considerable concentrations of E. coli and viable eggs of Ascaris lumbricoides were 
present; nonetheless, is important to mention that those results were from samples taken 
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after 7 days of the septic sludge discharge over the same VFCW unit, being a very short 
resting period for the sludge layer treatment 
 

vii. The accumulated sludge layer, with a thickness of 13 cm) not only acted as a filter for 
the incoming solids, but also as a treatment technology; it was proved the high 
dewatering and the presence of mineralization in the accumulated sludge layer along 
the operational stage 
 

viii. The septic tank sludge applied in the VFCW unit did not affect the growth of Cynodon 
Dactylon Pers; any signal of withering or chlorosis was detected, as well the growth 
rate was always positive. The first two months after the cutting date were the more 
productive, so it is recommended to cut and harvest the plants every two months 

 
In regards with the discharge guidelines, the limiting factor for releasing the effluents in water 
bodies was the ammonia and E. coli concentrations, for both strategies. Nonetheless, for reuse 
in irrigation, only the OS3 comply with the guidelines due to the low E. coli concentration 
achieved. Concerning the accumulated sludge layer, it did not comply at 100% for any 
discharge nor reuse regulation, however, the pathogenic quality was close to the limits for reuse 
in soil conditioning and silviculture, therefore an extra resting period of the filtered solids would 
enhance the quality and would be possible to reuse it. 
 
The VFCW with a two-stage French system configuration, proved to be a very efficient 
technology for septic tank sludge treatment in regions with warm climate. The results showed 
that circulation and retention in the second unit (OS3) allow to reuse the percolated fraction for 
irrigation, and a resting period of the sludge layer would permit also its reuse. In addition, the 
simplicity and low cost of investment and maintenance make this technology one of the best 
options for septage treatment. 
 

 

5.2. Recommendations 

The following recommendations are posed in order to improve the design criteria for the VFCW 
with a two-stage French system configuration, treating septic tank sludge. 

 
i. Even if the septage is directly poured to the wetland, as happened during this research, 

it would be important to collect and remove the large solids that are non-biodegradable 
or very slow biodegradable, such as fabrics, plastics and rocks. 
 

ii. In order to improve the pathogenic quality of the accumulated sludge layer and comply 
with the reuse limit standards, is necessary to have resting periods longer than 15 days 
 

iii. To test a top layer sand and a finer filter media in the second stage of the VFCW system, 
this coulD improve the quality of the final effluents without requiring additional area 
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In the table presented to the right, is displayed the 
schedule sampling activity corresponding to the OS2 
and OS3.  
 
The columns represent the parameters and activities 
performed, in some parameters are specified the 
respective sampling points (i = septic tank sludge 
influent, w1 = percolated effluent from W1, w2 = 
percolated effluent from W2 and S = accumulated 
sludge layer), while the rows represent the sampling 
dates.  
 
The green cells indicate that the measurement was 
performed and the red one indicate that the 
measurement, or in some cases not even the sampling 
procedure, was performed. 
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Complete summary for the COD analysis 

 
 
Complete summary for the BOD5 analysis 
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Complete summary for the NH4
+ analysis 

 

 

 

 

 

 

 

 

 

 

 
Complete summary for the TKN analysis 
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Complete summary for the TS analysis 

 
 
Complete summary for the TVS analysis 
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Complete summary for the E. coli analysis 
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Cycle corresponding to the 11 of November of 2015 
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Cycle corresponding to the 18 of November of 2015 
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Cycle corresponding to the 25 of November of 2015 
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Cycle corresponding to the 9 of December of 2015 
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Cycle corresponding to the 16 of December of 2015 
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