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Abstract: The experimentation plant, based on a sub-surface horizontal flow phytodepuration
(SSHEFP) unit with a pre-treatment by an upflow anaerobic sludge blanket (UASB) reactor, proved
valuable in treating the sewage of a small rural community located in north Brazil. During a six-
month trial, the plant achieved an average removal efficiency of 98.2% (1.74 log removal) for fecal
coliforms (FC) and 96.0% (1.40 log removal) for Enterococci (EN), as well as 95.6% for BODs, 91.0%
for COD,00 and 95.4% for suspended solids (SS). The contribution of the UASB reactor to this overall
performance was very significant as, alone, it achieved a yield of 62.7% for FC and 60% for EN, in
addition to 65.2% for BOD5 and 65.0% for SS. EN was chosen, in addition to FC, because of its higher
specificity and strong environmental persistence, leading to an increased risk to human health. In
fact, the experimental results confirmed its lower removal efficiency compared to FC. The mechanical
and biological mechanisms that led to such a removal efficiency of the two fecal indicators (FIs)
are outlined in the article. The same mechanisms led to a good level of equivalence between the
removal efficiency of the two FIs with the removal efficiency of SS and BODs, for both the whole
plant and the UASB reactor alone. The research demonstrated the close correlation between the
concentrations of EN and FC for the plant effluent. This correlation can be explained by the following
mathematical expression of the regression line Log EN = 0.2571 Log FC + 3.5301, with a coefficient
of determination R? = 0.912. This implies that the concentration of the more specific indicator EN
could be calculated, with acceptable approximation, from the simple analysis of FC and vice versa.
The experimental plant brought important health benefits to the local population. In particular, there
were no significant odor emissions; moreover, the risk of fecal pathogenic diseases was drastically
reduced; finally, there was no proliferation of insects and other disease vectors, due to the absence of
stagnant or semi-stagnant water exposed to the atmosphere.

Keywords: constructed wetland; enterococci; fecal indicators; fecal coliforms; phytodepuration;
sewage treatment; UASB

1. Introduction

Sewage is the main cause of fecal contamination of water bodies and, as such, it
constitutes a serious health risk due to pathogenic microorganisms excreted by infected
people. These infectious vectors belong to the huge kingdoms of bacteria, protozoa, and
viruses. The main pathogen microorganisms and relative diseases to humans, due to fecal
contamination, are summarized in Table 1.

Helminths, which, in effect, are pluricellular parasitic worms, are often associated
with the microorganisms’ microcosm because of their microscopic eggs and larvae that
cause diseases.
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These pathogens can occur in water and wastewaters in very low concentrations,
thus, making their identification difficult. For this reason, the microbiological analyses
commonly refer to Fls, which are non-pathogen microorganisms that indicate the possible
presence of pathogens of fecal origin. Thus, if indicators are present, it can be deduced, on
a probabilistic base, that pathogens may also be present. The level of probability depends
on the concentration of Fls.

Table 1. Main pathogen microorganisms and relative diseases to humans [1].

Bacteria Protozoa Viruses
Vibrio cholera—cholera Entamoeba histolytica—amoebic Polio v1.rus—pfcujalyt1c
dysentery poliomyelitis
Yersinia Giardia lamblia—intestinal . o
- " . Rotaviruses—gastroenteritis
enterocolitica—gastroenteritis disease
Cryptosporidium—intestinal

Escherichia coli—gastroenteritis Norwalk viruses—gastroenteritis

disease
Shigella sp.—gastroenteritis Hepatltlg Type A apd E—liver
inflammation
Listeria monocytogenes—flu-like
symptoms
Salmonella sp.—gastroenteritis,
typhoid
Campylobacter
jejuni—gastroenteritis
(animal sources)

The criteria to be satisfied by ideal FIs are [2]:

Universally present in large numbers in the feces of humans and warm-blooded animals;
Readily detected by simple methods;

Do not grow in natural waters;

Persistence in water and removal by water treatment similar to waterborne pathogens.

It is important to state that no indicator fully meets all the listed conditions. The
effort undertaken is to identify the most appropriate indicator on a case by case basis
(type of pathogen, source, environment, physical-chemical conditions) in order to make its
probabilistic correlation with the pathogenic agents, as reliable as possible.

FC is the most popular indicator, having been used for many years all over the world.
FC are also defined as thermotolerant coliforms, due to their ability to ferment lactose with
the production of gas and acid at the temperature of 44.5 £ 0.2 °C and with an incubation
time of 24-48 h. FC are facultative, rod-shaped, Gram-negative, non-spore-forming bacteria.
Contaminated food is the main vector of fecal pathogens, while recreational waters and,
above all, drinking water are common sources in developing countries [3].

Several studies have proven that a few members of the FC community are not strictly
specific to sewage. [4-7]. Thus, E. coli and EN are now considered, by the scientific
community, to be the most specific Fls.

E. coli is a group of facultative, rod-shaped bacteria, which are members of the FC
community. They colonize the gastro-intestinal tract of all humans and warm-blooded
animals [8]. Thus, they are commonly harmless and even help to keep the digestive tract
healthy, but some strains have proven to be pathogenic, in particular E. coli O157:H7, which
is responsible for diseases involving gastrointestinal and urological systems.

The EN belongs to the Enterococcaceae family, which consists of several species
present in human and animal gastrointestinal microflora [9], even though they constitute
a very small share. EN, similarly to E. coli, are remarkably resilient bacteria, capable of
surviving in a wide range of pH levels and temperatures, and even against antimicrobial
agents [10-12]. Likely, this is the reason of their broad occurrence in soils, water, and
food. Due to their persistence in the environment, the presence of EN is adopted by many
regulations as indicators of human fecal pollution in water.

Sewage treatment plants are effective in the removal of physico-chemical pollutants
such as TOC, COD, BODs, SS, nutrients, and others [13-16], as well as microbiological
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indicators [3,17,18]. With regard to the latter, the scientific literature gives abundant
information about the concentrations of TC and FC in raw sewage and downstream of
the different treatment units. TC are found in raw sewage in the range of 10’-10° CFU
100 mL~1, while FC ranges between 10°~108 CFU 100 mL 1 [13,17-21]. Of course, from case
to case, the concentration is influenced by the sewage “strength”. Mechanical-biological
treatment can remove these indicators by 90-99% (1-2 log removal) [13-22]. A significant
increase of up to 99.999% (5 log removal) can be achieved only by a final disinfection
process (UV or chemical disinfectants such as ozone, chlorine dioxide, chlorine or sodium
hypochlorite, peracetic acid) that, in developed countries, becomes mandatory in the cases
of wastewater reuse or discharge into recreational waters [23].

With reference to the more specific fecal indicators, E. coli and EN, the scientific
databases give a lot of data on their presence in waterbodies and the related health risks,
while less information is available about their fate in the various types of sewage treatment
plants [18,24]. By investigating eight full-scale activated sludge plants, E. coli was found
in raw sewage at 6 x 10°~7 x 10° CFU 100 mL~! and the average removal efficiency was
36.7% (0.2 log removal) for primary treatment and 94.2% (1.24 log removal) for the whole
plants, excluding disinfection [18]. In two biological sewage treatment plants (preliminary
treatment followed by activated sludge process) in the Netherlands, E. coli and EN were
detected in raw sewage at 10° CFU 100 mL~! and 10° CFU 100 mL !, respectively, while
the whole average removal efficiency was 94.4-97.8% for E. coli and 95.5-98.8% for EN [25].
EN were also found in raw sewage of four activated sludge plants at 5.19-6.53 log UFC
100 mL~! and at 3.01-5.11 log UFC 100 mL~! in the effluent of the biological stage. The
corresponding removal efficiency ranged between 83.4-99.8% (0.78-2.70 log removal),
where the best values refer to the plant with the highest hydraulic retention time (HRT)
(2.2 days) and the worst to the plant with a very short retention time (6 h) [26].

Constructed wetlands (CW) are mainly used for sewage treatment of small communi-
ties, but there are also applications in industrial wastewaters and leachate of urban waste
landfills [27-30]. In sewage treatment, CW can reduce 84% of total coliform, 96% of FIs,
and 89% of EN [31]. A literature survey of sixty CW with emergent macrophytes revealed
that the removal of enteric bacteria is comparable with that of conventional mechanical-
biological treatment, where typical reductions are 90-99% (1-2 log reduction) [32-34].
However, the result is significantly influenced by various factors, including the type of con-
structed wetland (surface flow, sub-surface flow, hybrid flow), the HRT, and the efficiency
of pre-treatment [35-38].

A CW is an excellent solution for the treatment of sewage of small rural communities
due to its simplicity of construction and operation and the very favorable cost-effectiveness
ratio. Furthermore, the high HRT determines a leveling of the incoming load peaks
(hydraulic and organic), giving stability to the treatment process [39]. However, the sewage
before being fed to these natural treatment systems needs a pre-treatment in order to
remove coarse materials, grit, and settleable solids. The contribution of several types of
macrophytes to the efficiency is well highlighted in the literature [40,41].

The present research focused on a CW with UASB pre-treatment serving a small rural
community located in a tropical area of north Brazil.

UASB reactors were originally applied to the treatment of industrial wastewaters
with a high concentration of biodegradable organics, such as, for example, those from
sugar and dairy industries, livestock, distilleries, slaughterhouses, breweries, pulp and
paper mills, and food industries [42—45]. These applications were (and still are today)
amply justified by the significant energy recovery from the biogas produced. More recently,
several applications of UASB in sewage treatment were carried out in Brazil, Colombia,
and India [46-50], as well as in other countries with tropical or sub-tropical climates such as
the UAE, Iran, Angola, Indonesia, Egypt, Palestine, Jordan, Thailand, and others [21,50-52].
In developing countries, UASB is often the only treatment stage, but the importance of an
additional oxidative biological treatment is widely acknowledged.
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The sustainability of a sewage treatment plant for small rural communities in devel-
oping countries requires negligible maintenance, very low power consumption, ease of
operation, and, above all, it should lead to an effective improvement in the health of the
population. The exposure of the local population is mainly related to the microbiological
risk, considering the fact that these plants almost always lack the final disinfection and
the treated effluent (or the receiving water body) is often reused for irrigation and other
practices. It is, therefore, important that the treatment demonstrates its ability to effectively
remove pathogenic microorganisms. For this reason, the present research focused on
the fate of fecal indicators microorganisms along the plant. In particular, fecal FC and
EN were chosen as reference parameters; the latter due to its greater persistence in the
natural environment.

2. Materials and Methods

Figure 1 shows the simplified diagram of the sewage treatment plant serving a rural
community of 1650 inhabitants, with a daily flow rate of 220 m® d ! (133 L capita—! d1).

Control point ~ Control point Control point

A B c

SUB-SURFACE PHYTODEPURATION

UASB

Raw Sewage Treated Effluent

Screening & Sand Trap

Sludge

Figure 1. Simplified diagram of the treatment plant.

The raw sewage is pre-treated (screening and grit trapping) before being fed to a
UASB reactor followed by a SSHFP unit with emergent macrophytes of the species Typha
domingensis, a perennial herbaceous vegetable that grows easily in temperate and tropical
climates. This common vegetable is signaled for its capacity to significantly reduce the
content of enterobacteria in water [53].

The volume of the UASB reactor is 125 m?, equally subdivided into a sludge zone (on
the bottom) and a sedimentation zone (on the upper part of the reactor). The pre-treated
sewage is uniformly distributed on the bottom by means of a radial array of perforated
pipes and flows upwards, at first crossing the granulated activated sludge zone and then
the sedimentation zone. The average HRT amounts to 13.6 h. In the first zone, an anaerobic
biodegradative activity is carried out with the production of biogas (extracted from the top
cover), while in the upper section, with a larger diameter, the sedimentation of finer SS is
achieved. The stabilized sludge is periodically extracted from the bottom.

The SSHFP consists of two parallel lines with 2200 m? total surface and 0.80 m water
height. The porous media consists of coarse stones (5-10 cm). The base and side walls of
the CW are fully waterproofed by a layer of compacted clay (50 cm) overlaid with a HDPE
membrane. Average empty bed hydraulic retention time amounts to 8 days.

The research aimed to:

o  Verify the efficiency of the whole treatment process and also of individual stages with
regard to FC and EN (as well as the common physico-chemical parameters, BODs,
COD, SS) through a statistical analysis of collected data;

e  Verify the relationship among FIs and the most representative physico-chemical pa-
rameters in order to evaluate a possible equivalency correlation.
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e  Verify the sustainability of a statistical relationship between the concentrations of FC
and EN by reconstructing their mathematical correlation with the relative coefficient
of determination R?;

e  Opverall, verify the validity of the experimental treatment technology from the envi-
ronmental and sanitary point of view.

The efficiency was evaluated along 6 months of continuous operation of the plant. In
this period, sixty daily average water samples were collected at each of the following three
points (see Figure 1):

e Point A: raw sewage (after preliminary treatment);
e  Point B: effluent of UASB reactor;
e Point C: effluent of SSHFP (whole plant effluent).

Total samples analyzed: 180

The following parameters were analyzed: fecal coliforms, EN, BODs;, COD, SS,
and temperature.

Removal efficiencies of each treatment unit and of the whole plant were calculated
as follows:

Removal efficiency of the whole plant njtot = (Xp — Xc)/Xa;

Removal efficiency of UASB reactor nl = (Xo — Xg)/Xa;

Removal efficiency of phytodepuration unitn2 = (Xg — Xc)/Xp;

Share of total efficiency (ntot) given by UASB reactor n1* =n1 = (Xa — Xg)/Xa;
Share of total efficiency (ntot) given by phytodepuration unit n2* = (Xg — Xc)/Xa;
ntot =n1* + n2%

where X represents each tested parameter and the subscript letters refer to each of the three
sampling points.

e X is the value of the generic parameter at position A (raw sewage);
e Xp at position B (UASB outlet = SSHFP inlet);
e  Xc at position C (SSHFP outlet = final effluent).

Sampling and analysis were done in compliance with the Standard Methods for the
Examination of Water and Wastewater, Centennial Edition 2005, joint publication of the
American Public Health Association, the American Water Works Association, and the
Water Environment Federation [54].

3. Results and Discussion
3.1. Raw Sewage Quality

Table 1 shows the statistical data concerning the raw sewage quality, as measured
in the experimental period. The data are typical of a “high-strength” sewage, due to the
low per capita water consumption (about 140 L d~! per capita). This is well shown by the
average values of BODs = 418.5mg L~!, COD = 875.0 mg L1, and SS = 432.8 mg L. The
fluctuations around these averages, evidenced by the standard deviation (SD) and range
min-max, were, on the whole, noticeable considering that all the individual data referred
to average daily samples. Indeed, these statistical findings were typical of all small com-
munities [14], but in this specific case they were, to a certain extent, influenced by the short
sewerage network (only about 300 m), which cannot exert a significant levelling action on
the flowrate and peaks of quality. The concentrations of FIs were, on the whole, aligned
with references in the scientific literature, as already reported in the introduction [18,24,25].
The average concentration of FC amounted to 9.003 x 10° UFC-100 mL~! and the concen-
tration of EN was 2.413 x 10° UFC-100 mL "1, almost an order of magnitude lower.

The average temperature of the raw sewage was 22.4 °C, with a short excursion in the
range 20.2-24.8 °C during the whole experimentation period.
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3.2. Plant Performances

Figure 2 shows the statistical data of BODs5, COD, and SS at the three control points
along the treatment plant. These values are displayed as mean, standard deviation (SD),
and range min-max.

Raw sewage | UASB effluent Final effluent
Av. Temperature: Range
- at control point A =22.4°C Mean sD min—max
- at control po!nt B=215"°C (mgLt)  (mgLY (mg L)
- at control point C =19.5 °C
| 432.8 100.8 325-550
Suspe_nded 173.5 37.7 128-221
Solids 19.9 31 16.2—24.2
| 875.0 243.4 5801170
cop 306.3 66.5 240-710
78.0 8.0 67—92
| 418.5 158 307-792
BOD, 145.5 275 93-280
18.4 3.1 14.5-24.2
0 200 400 600 800 1000

Concentration (mg L)

Figure 2. Statistical values of BODs5, COD, and SS in the three control points along the treatment
plant (values are represented as mean, standard deviation, and range min-max).

The data in Figure 2 show, first of all, a good physical-chemical quality of the final
effluent, as attested by the average values of BOD5 = 18.4 mg L=, COD =78.0mg L™}, and
SS =19.9 mg L. The related average treatment efficiency of the whole plant amounted,
respectively, to 95.6%, 91.0%, and 95.4%. In particular, the important contribution of
the UASB to the BODs removal efficiency stands out, with an average value of 65.2%
(compared to average 30% (range 20—40%), which is expected from a normal primary
sedimentation [13,55]. This demonstrates the effectiveness of the UASB reactor in the
anaerobic biological degradation of the organic substrate, in this case well favored by the
high temperature of the raw sewage. The removal efficiency of SS in this unit amounted to
59.9%, quite comparable to that of a normal primary sedimentation [13]. Very similar yield
has been found on other UASBs in sewage pre-treatments [24] Also, the relatively small
value of SS in the final effluent (average SS = 19.9 mg L~!) was noticeable. It is very likely
that the effective filtration-sedimentation action (in addition to biodegradation) exerted by
the SSHFP system was decisive for this result. Obviously, this action also improved the
final values of BODgs and COD.

Figure 3 shows the concentrations of FC and EN at the three control points. In this case,
a logarithmic scale was used to facilitate the reading of data. The whole plant demonstrated
the ability to reduce the concentration of these two indicators to average concentrations
of 162:103 UFC 100 mL~! and 96-10° UFC 100 mL~!, respectively. The overall average
removal efficiency results of 98.2% (1.74 log removal) for FC and 96.0% (1.40 log removal)
for EN.
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[ Raw sewage | |UASB effluent [ | Final effluent
Mean sD Range

min—max

| 9.003 2.903 6.11-12.55

Faecal Coliforms | 3.358 1.490 1.22-6.61
0.162 0.086 0.001-0.225

| 2.413 0.711 1.45-3.17

Enterococci | 1.625 0.328 1.06-1.28

| 0.096 0.014 0.075-0.122

0.01 0.1 1 10

Concentration (millions CFU-100 mL™)

Figure 3. Statistical values of FC and EN concentration (on a logarithmic scale) at the three control

points along the treatment plant (values are represented as mean, standard deviation, and range

min-max).

The share of the individual units, UASB and SSHFP, in these overall performances is
well represented in Figure 4 (for FC) and Figure 5 (for EN), where the individual dots refer
to the 60 consecutive samples collected at the three control points.

100 1.9, 8. 9. 0. 0% %0.%.% P LI C— Whole
—_— W e -G Av. 98.2%
FE | &) ® T s .M Chdd s SD +2.4% Plant
-
(=]
o 80 -
'S o o
= o oo © o o
% o o 0000 o ctbo CDO 00
= " o [} - oo " o o » Av. 62.7 % UASB
32 00100 o %0 CPC’ ° o o °e sD +11.1% Reactor
5 o © 4 o © o ° 5 oo . o
- o © 1 o © o9 Co o °
E 40 - o O o OO o ° o0 ©°o®
S s Quergreeeen@ S e Av. 355% Phytodep.
= © o o o o SD +6.9%
3 & oo o OOD o 00 OO o Qa +

o
= 20 -
o
@
i
FAECAL COLIFORMS
0 T T v T v T T T T T T T
0 10 20 30 40 50 60

Progressive Sampling Days (d)

Figure 4. Overall removal efficiency of FC (green dots) and relative share given by UASB (gray dots)

and SSHFP (yellow dots), as a function of the progressive days of sampling.
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Figure 5. Overall removal efficiency of EN (green dots) and relative share given by UASB (gray dots)
and SSHEFP (yellow dots), as a function of the progressive days of sampling.

The two graphs highlight the following:

UASB pre-treatment contributed to the removal of both Fls (on average 62.7% for
FC and 60.0% for EN). As a comparison, in a common primary treatment TC and FC
are removed at a rate of approximately 50% (range 40-60%) [13,17]. This efficiency is
commonly just below that of SS, which ranges around 60% (range 55-70%) [13-55]. The
increased efficiency achieved for the two FIs, in this specific experimentation, could be
ascribed to their mortality, which was, in turn, related to the high retention time in the
reactor (13.5 h) and to the intense biological activity. The contribution of mortality to the
removal of Fls can be roughly estimated in the order of 10-15%.

The phytodepuration stage, although to a lesser extent than the UASB stage, con-
tributed to the overall efficiency of FIs removal (on average: 35.5% for FC and 35.1% for EN),
but above all it exerted a remarkable finishing treatment of the various physical-chemical
and microbiological pollution parameters. The efficiency of phytodepuration is affected by
different factors, among which the most important are the type of process and the specific
hydraulic load (m® d~! m~2), or more simply the HRT. A survey on 60 phytodepuration
plants with emergent vegetation around the world highlighted that HRT values of 2.0,
3.0, 5.5, and 7.0 days resulted in respective FC removal efficiency of 76.2%, 79.4%, 92.1%,
and 95.3% [35]. The same survey [35] revealed that removal of TC and FC is usually 95
to >99%, while removal of EN is lower, usually 80-95%. The best removal efficiencies are
achieved by plants with primary treatment procedures. Regarding the type of process,
the same survey [35] highlighted the higher efficiency of SSHFP (av. FC removal 91.5%),
compared to the more traditional SHFP (av. FC removal 85.4%), while absolute hybrid
systems would be preferred (FC removal, up to 99.4%) [35,38,56-58]. However, it seems
correct to observe that there are many complex factors capable of influencing the goodness
and sustainability of a single process, as well as of a whole plant. Among them, there
is certainly the exposure of the population to health risks. In fact, the investigated plant
was fully covered and this brought important health benefits to the local population. In
particular, there were no significant odor emissions and no proliferation of insects and
other disease vectors, due to the absence of stagnant or semi-stagnant water. This last
aspect is of relevant importance for all tropical areas, which are periodically subject to
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outbreaks of “dengue”, a hemorrhagic fever caused by the dengue virus spread by the
Aedes mosquitoes (mainly Aedes aegypti) that breed just on the surface of stagnant water.

It can be noted that the average removal efficiency of EN is systematically, albeit
slightly, lower than that of FC. This finding confirms the greater resilience of EN, as
was already highlighted in a few previous studies [10]. In effect, only E. coli, among the
members of the FC community, has demonstrate a comparable environmental persistence
and sometimes even greater [2]. The strong persistence of these two specific FIs was also
proved with regards to several antibiotics in hospital wastewaters [11].

3.3. Comparison among Removal Efficiency of FlIs with SS and BODs

The removal of FIs within the treatment plant is determined partly by the removal
of SS (as members of bacteria microcosm, FC and EN are part of SS) and partly by their
progressive mortality. The latter is strongly linked to the biological activity, which is
also responsible for BODs5 removal. In effect, inside the wide microbiological community
many mortality mechanisms are active, such as protozoa predation, the lytic action of
certain bacteria, and the adverse effects of the physical-chemical environment (temperature,
dissolved oxygen, substrates, pH, salinity, rH, sunlight, toxins). It is also worth highlighting
the sorption action of biological flocs (granular flocs in UASB, bacteria aggregations in
SSHEFP). The two FI removal phenomena are present in both stages UASB and SSHFP.
Theoretically, the greatest removal of the two FIs by sedimentation is expected in the
UABSB stage, while their greatest removal by mortality is expected in phytodepuration. It
may therefore be interesting to investigate the potential level of equivalence between the
removal efficiencies of the two Fls with the removal efficiency of SS and BODs. The analysis
of this equivalence could give indications of the relevance of each removal phenomena
(mechanical or biological mortality). In relation to the UASB pre-treatment, Figure 6 shows
the values of the removal efficiency of the two FIs as a function of the removal efficiency of
SS. The graph also reports the equivalence line, along which the removal efficiency of the
FIs and SS would be identical. It can be seen that the various points are distributed fairly
close to the equivalence line, suggesting that the removal efficiency of Fls in this stage
matches the removal efficiency of SS quite well. More detailed analysis of the distribution
leads to the following:

Average FC removal efficiency = 62.7%.

Average EN removal efficiency = 60.0%.

Average SS removal efficiency = 59.9%.

Average deviation of FC removal efficiency from the equivalence line = 4.11%.
Average deviation of EN removal efficiency from the equivalence line = 0.83%.

The deviation D at any specific x-axis value (removal efficiency of SS, in this specific
case) is calculated as the difference between the y-axis value (removal efficiency of any Flin
this specific case) and the corresponding value on the equivalence line. There is, therefore,
a good level of equivalence between the two Fls and SS, although from a scientific point
of view this is not easy to prove. In fact, various phenomena within the UASB reactor
contribute to the removal of both SS and FI, including the following: sedimentation,
filtration by the granular biological bed, biological degradation (which is active in the
destruction of VSS and also affects the mortality of FIs).

Figure 7 shows the level of equivalence between the two Fls and BODs, again with
reference to the UASB reactor alone. Even in this case, there was a good level of equivalence,
given that the above cited phenomena affected both the removal of BODs5 and the removal
of Fls. The statistical analysis of dispersion led to the following results:

Average FC removal efficiency = 62.7%.

Average EN removal efficiency = 60.0%.

Average BODs5 removal efficiency = 65.2%.

Average deviation of FC removal efficiency from the equivalence line = —4.66%.
Average deviation of EN removal efficiency from the equivalence line = —8.08%.



Sustainability 2021, 13, 9302

10 of 16

100 P
UASB Reactor L
90 - o2
AV.5559.9% ---eeme equivalence line  _.*”
80 A S i f”’
° o
o o
Q. P
7 o; o0 .og%i:’/ Av. Faecal Colif 62.7 %
V. Faecal Loliforms i
® ..‘a;qr :’5: .................................... 0

L
5o ls
e
“am!
....!.s%;
&g
2 i
St
m
=
=~
[1#] +
ot
[= I
o i
Q¢
(=] .
o
o
[=2
o
R

Faecal Indicators Removal Erfficiency
(%)

2y 4o
50 - -
- ,x" o Faecal Coliforms
sl e Enterococci
30 == - . - - - - .
30 40 50 60 70 80 90 100

SS Removal Efficiency (%)
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Figure 7. Removal efficiency of FIs against removal efficiency of BOD5, with regard to UASB reactor.

The minus sign of the deviation values simply indicates that the average values of Fls
are below the equivalence line.

Figures 8 and 9 show a similar representation for the overall plant. In this case, the
mean values of the FIs removal efficiency are markedly above the equivalence line. In
the graph of Figure 8 (equivalence to SS), the average deviation from the equivalence line
is 2.8% for FC and 1.7% for EN and in the graph of Figure 9 (equivalence to BODs) it is
1.6% for FC and 0.6% for EN. The removal mechanisms for the two FIs are the same of
those described above. Thus, a good level of equivalence was also achieved between the
removal performance of Fls and the removal performance of SS and BODs. The greater
yield of FIs compared to SS and BODj5 was likely due to the continuous decay of the two
indicators, due to the extended retention time in SSHFP, while SS and BODs5 were very
close to a stabilization level.
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Figure 9. Removal efficiency of Fls against removal efficiency of BODs with reference to the
whole plant.

3.4. Correlation between the Concentrations of EN and FC

It is interesting to highlight the correlation between the concentrations of EN and
FC. This correlation is shown in a double-logarithmic diagram in Figures 10 and 11. In
particular, Figure 10 refers to sampling points A (raw sewage) and B (UASB effluent), while
Figure 11 refers to sampling point C (final effluent). For the three dispersions, the relative
linear regression lines were elaborated with the respective equations and their coefficients
of determination R?. As known, R? is a statistical measure of how close the dispersed
data are to the regression line. In other words, this coefficient assesses how strong the
linear relationship is between the two variables under consideration, specifically the two
indicators FC and EN. R? ranges between 0.0 and 1.0 and a value of 1.0 indicates a perfect
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reliable equation for future forecasts, while a value of 0.0 indicates that the equation fails to
represent the data at all.
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Figure 10. EN concentration against FC concentration (on logarithmic scales) for raw sewage (green
dot) and UASB effluent (yellow dot).
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Figure 11. EN concentration against FC concentration for plant effluent (on logarithmic scales).

It can be observed that in Figure 10 the level of dispersion of the data for control

points A and B (raw sewage and UASB effluent respectively) is so wide that the coefficients
of determination are rather low and, therefore, the relative mathematical correlations
between the two Fls are not sufficiently reliable. In particular R? = 0.3988 (raw sewage)
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and R? = 0.5805 (UASB effluent) suggest that only, respectively, about 40% and 58% of the
EN concentration could be predicted by the knowledge of FC concentration. On the other
hand, in the case of Figure 11 (final effluent) the dispersion of the data is decidedly rather
reduced, such as to determine a coefficient of determination R? = 0.9124, which makes the
mathematical correlation Log EN = 0.2571 Log FC + 3.5301 quite reliable. This means that
the homogeneity and quality of the final effluent allows researchers to calculate, with good
reliability, the concentration of the more specific indicator EN from the simple analysis of
FC and vice versa. In other words, it would be sufficiently valid to carry out the analytical
determination of a single FI on the treated effluent.

4. Conclusions

The investigated plant, based on a UASB reactor followed by a sub-surface horizontal
flow phytodepuration (SSHFP) system, proved particularly valuable for the treatment of
sewage in a small rural community of 1650 inhabitants. Along the six-month trial, the plant
achieved a mean removal efficiency of 98.2% (1.74 log removal) for fecal coliforms (FC)
and 96.0% (1.40 log removal) for Enterococci (EN), as well as of 95.6% for BODs, 91.0% for
COD, and 95.4% for SS. The contribution of the UASB reactor to this overall performance
proved to be very significant as it alone achieved a 62.7% yield for FC and 60.0% for EN, as
well as 65.2% for BOD5 and 65.0% for SS.

EN were chosen (in addition to FC) as highly specific fecal indicator (FI)s, suitable
for this particular case, due to their high environmental persistence and the consequent
increased risk to human health. In fact, the experimental results confirmed their lower
removal efficiency compared to FC, albeit to a rather limited extent (2.7% lower on the
overall plant). The mechanisms leading to such a high performance in the removal of
the two Fls are mechanical and biological, and both are present in the UASB phase and
in the subsequent phytodepuration phase. The former consists mainly of filtration and
sedimentation, while the latter is related to microorganism decay due to protozoa preda-
tion, the lytic action of certain bacteria, and the adverse effects of the physical-chemical
environment (temperature, dissolved oxygen, substrates, pH, salinity, rH, sunlight, toxins).
It is also worth highlighting the sorption action of biological flocs (granular flocs in UASB,
bacteria aggregations in the porous media of phytodepuration). As a consequence of these
phenomena, the removal efficiencies of the two FIs were found to be well equivalent to the
removal efficiencies of SS and BODs, for both the whole plant and UASB reactor alone.

The research demonstrated the close correlation between the concentrations of EN
and FC in the final effluent of the plant. This correlation can be explained by the following
mathematical expression of the regression line Log EN = 0.2571 Log FC + 3.5301 with a
coefficient of determination R? = 0.912. This means that the homogeneity and quality of
the final effluent allows researchers to calculate, with good reliability, the concentration of
the more specific indicator EN from the simple analysis of FC and vice versa. On the other
hand, the level of dispersion of data for raw sewage and UASB effluent was so great that it
led to a rather low coefficient of determination (R? = 0.3988 for raw sewage and R? = 0.5805
for UASB effluent), making the similar mathematical correlations not adequately reliable.

The investigated plant brought important health benefits to the local population. In
particular, there were no significant odor emissions and no proliferation of insects and
other disease vectors, due to the absence of stagnant or semi-stagnant water. This last
aspect is of relevant importance for all tropical areas, which are periodically subject to
outbreaks of “dengue”, a hemorrhagic fever caused by the dengue virus spread by Aedes
mosquitoes (mainly Aedes aegypti) that breed just on the surface of stagnant water.

A course porous medium (50-100 mm) was applied in the SSHFP in order to ensure
long hydraulic retention times, avoiding a high risk of clogging. However, the removal
efficiency of SS (and of all other parameters analyzed) was very good without significant
head losses. This result needs to be confirmed in longer experimentation periods, but, at the
same time, it encourages the experimentation of a finer porous medium (10-20 mm), placed
in the terminal zone of the phytodepuration unit, in order to obtain further improvements
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of the treatment efficiency. The results presented here are from the first phase of an
experimentation process that will continue for a longer period, in order to achieve a
higher level of reliability of the research findings. The possibility of recovering the biogas
produced should be a further interesting chapter for future research.
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