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Abstract

Developing countries demand a sewage treatment plant with low-cost processes that are viable in warm climates. The UASB
(upflow anaerobic sludge blanket) associated with the trickling filter (TF) would meet this requirement. However, there is
still a need for studies aimed at the use of new support media. Based on this, the use of expanded polystyrene (EPS) as a
support media in TF was evaluated in this study. As a result, the TF filled with EPS presented a final effluent with quality
similar to reactors filled with crushed stone or patented materials. The density of EPS (6.56 +0.30 kg m™), the void ratio
(61.7+2.1%), and the mean surface area (201.9 + 14.9 m?> m~>) once again demonstrate that EPS has characteristics similar
to other alternative or patented materials. Therefore, we found that EPS can be another alternative material to be used in
sewage treatment, and also that one could give an appropriate destination to a portion of this material, which is currently

still discarded in landfills.
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Introduction

In developing countries, the lack of investment in sanita-
tion has compromised the springs used in the production of
drinking water due to the release of untreated or partially
treated sewage (Morrissey 2018).

There is a need to seek appropriate solutions for the pecu-
liarities of these countries, which require a sewage treatment
plant (STP) with low-cost processes that are viable in warm
climates.

Despite these advantages, the UASB reactors have dif-
ficulties in producing effluents that can comply with the
Brazilian environmental standards. Therefore, the post-
treatment step is of great importance as a manner of adapting
the treated effluent to the environmental discharge standards.
The main objective of the post-treatment is to complement
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the organic matter removal (Chernicharo and Nascimento
2001).

The combination of anaerobic reactors followed by
aerobic ones can be a good alternative, since it has greater
simplicity of design, greater operational ease, less sludge
production, and less energy consumption compared to the
use of the activated sludge system as the main reactor of the
process (Magalhaes et al. 2019; Tonon et al. 2015).

Within this perspective, the combination of UASB
(upflow anaerobic sludge blanket) and trickling filter (TF)
has been widely applied and studied in Brazil, India, and
Latin America (Chernicharo and Nascimento 2001; Almeida
et al. 2011; Bressani-Ribeiro et al. 2018).

The trickling filter (TF) is a low-cost aerobic system that
does not need an electric power source that promotes aera-
tion, as in the case of activated sludge (Ali et al. 2017). Some
authors suggest a greater simplification of the construction
and operation of the system when evaluating changes in the
secondary clarifier, or even its removal from the process
flowchart (Chernicharo and Nascimento 2001; Almeida et al.
2011).

However, there is still a need for further studies that seek
to increase its nitrification efficiency by effluent recirculation
(Kanda et al. 2016; Bressani-Ribeiro et al. 2018) and to use
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new support media with larger specific area and low cost to
replace gravel (Bressani-Ribeiro et al. 2018). For this rea-
son, several types of support media have been studied, from
pall rings (Metcalf & Eddy, Inc. 2003) to alternative mate-
rials such as: corn cob, biochar, granular activated carbon,
zeolites, slag, coal cinder, and tire rubber (Ali et al. 2017;
Forbis-Stokes et al. 2018; Zhao et al. 2013; Naz et al. 2016).

There is a great diversity of residues that could also ful-
fill the function of being a support media for the growth of
microorganisms in TF. A new alternative would be expanded
polystyrene (EPS).

Polystyrene has been widely used as an insulator and in
packaging. The most prominent consumer of EPS is Asia;
in 2010, Asian countries consumed 2787 kton, 47% of it for
packaging (Winterling and Sonntag 2011). It is estimated
that, in Brazil alone, over 100 thousand tons of EPS are
consumed per year. Of this amount, only 34.5% is recycled
(Cempre 2019).

Unfortunately, a large portion of used EPS is discarded in
landfills or incinerated in developed countries, and openly
burned and thrown in waste dumps in developing countries,
barely ever being recycled. This is because EPS are rela-
tively inexpensive, and conventional recycling methods turn
them into lower-value materials, such as fuel oil or recycled
resin (Chaukura et al. 2016). Even in the USA, a negligible
amount of solid waste composed of polystyrene is recycled,
of which only 0.9% of the total production goes for recycling
(Thakur et al. 2018).

Therefore, it would be very interesting for developing
countries to demonstrate that EPS is feasible to be used as

Fig. 1 Reactors used in sewage
treatment. Collection points of
wastewater: P1—Influent; P2—
UASB effluent; P3—TF effluent
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support media in trickling filters. This would allow another
form of suitable destination for this waste and would also
allow the construction of lower cost sewage treatment
systems.

Based on this, the use of expanded polystyrene as support
media in trickling filters for sewage treatment was evaluated
in our study.

Material and methods

For the study, a system composed of UASB reactor and
trickling filter (TF) was set up. Both were built in PVC pipe
with 100 mm in diameter (Fig. 1). The total volume of the
UASB was 17.2 L, with a hydraulic holding time of 10 h.
The reactor was inoculated with sewage sludge from the
UASB reactor at ETE Barao Geraldo, Campinas (Brazil).

The TF was built in PVC with a useful height of 1.50 m,
with a hydraulic loading rate (HLR) of 5.6 m®> m~2 day as
a sizing parameter. At the base of the reactor, a grid was
placed as an underdrain system; just above it, a 0.05 m layer
of crushed stone, and, finally, the support media.

The reactors were fed using sewage from the collection
network of the University of Campinas (Unicamp) campus.
The TF received the influent by gravity, directly from the
outlet of the UASB reactor. Both reactors were operated
for 1 year and fed with an influent flow rate of 1.75 L h™".
(IT) The empty bed contact time of the trickling filter was
30 min. No secondary clarifier was used after the TF.
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Wastewater samples were collected at the following
points (Fig. 1): raw wastewater, UASB reactor effluent and
TF effluent. The analyses of the influent and effluent of the
reactors were carried out once a week for one year. The fol-
lowing analyses were carried out to monitor the reactors:
pH, total alkalinity, dissolved oxygen (DO), turbidity, COD
(Chemical Oxygen Demand), and BOD (Biochemical Oxy-
gen Demand). In all cases, the guidelines of APHA et al.
(2012) were followed.

Packing material

The EPS used to fill the TF is shown in Fig. 2. The media
was a S-shape, that is the common shape for EPS used for
protecting fragile materials inside boxes in Brazil. For exam-
ple, electronic equipment is placed in cardboard boxes and
then the S-shape EPS is placed inside to fill in the empty
spaces, preventing damage to the equipment. Therefore,
there is the generation of large amounts of this material as
waste after a single use.

To characterize this expanded polystyrene (EPS), mean
mass and mean volume of each unit, void ratio, and sur-
face area were determined. To determine the mean mass,

Fig. 2 Filling material used in
TF

Fig.3 Toroid format used to
calculate the surface area of the
filling material

a 1.0 L beaker was filled with the packing material. Then,
the total mass of packing material placed in the beaker was
determined and the number of units used in packing was
counted. Knowing the total mass and the amount of packing
material used, it was possible to determine the mean mass
of each unit.

To calculate the mean volume and the void ratio of the
packing material, a 2.0 L beaker was used. Initially, it was
filled up to the 2.0 L limit mark with the EPS units. Soon
after, water was added until reaching the height correspond-
ing to that same volume of 2.0 L. The volume of water used
in this procedure was considered to be the void ratio of the
packing material. The missing volume to complete 2.0 L was
considered to be the total volume of the packing material
and, knowing the number of units used, it was possible to
determine the mean volume of each unit.

To obtain the surface area (SA) it was considered that
the S-shape was composed of a toroidal shape with a square
section cut in half (Fig. 3). In calculating this SA there is
the need to determine the height (H), width (W), ray (R) and
perimeter of the square (P). With these values, it was pos-
sible to determine the surface area using Eq. 1 and 2 (Harris
and Stocker 1998).
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P=2-(H+W) €h)

SA=2-7-R-P )

Each of these determinations was made in quintuplicate.

Results and discussion

During the treatment evaluation, we observed that the UASB
(Table 1) presented pH and alkalinity close to the typical
range of behavior of this reactor (Chernicharo 1997). Like-
wise, the biomass concentration found (30 g L~ in terms
of total solids) was similar to the values reported for UASB
reactors used in full scale (Chernicharo 1997).

There was a decrease of only 62% in COD (Table 1). This
decrease is slightly below the values found in the literature
and obtained in UASB reactors operated at full scale. There
are several full-scale plants already in operation in Colom-
bia, Brazil, Indonesia, India and Egypt and COD removals
above 70% have been observed by several authors (Cecconet
et al. 2022; Lew et al. 2003; Kalogo and Verstraete 2000;
Chernicharo and Cardoso 1999; Souza and Foresti 1996).

In the analysis carried out for this study on a laboratory
scale, it was not possible to categorically define the factors
that caused this lower-than-expected efficiency. A possible
hypothesis would be the non-removal of sludge throughout
the study. Failure to discard sludge may have caused it to be
dragged along with the effluent, compromising its quality.
Another possibility could be related to the low COD value
found for raw sewage (530 + 82 mg L™"), which was related
to the fact that this wastewater originates from a university
campus.

However, such behavior did not impair the study of the
later stage composed by the trickling filter (TF). The effluent
quality of the UASB reactor was within the range obtained
by other authors on a laboratory scale, pilot (Oliveira et al.
2019; Silva et al. 2015) and real (Chernicharo 1997).

Table 1 Chemical and biological characteristics of samples

Parameter Raw sewage UASB TF effluent
reactor
effluent
pH 8.0+0.5 7.4+0.3 7.7+0.3
DO (mg O,/L) 0.4+0.5 - 57+1.8
Alkalinity (mg CaCO; L") 349475 38080 281+100
Turbidity 62+18 42+15 18+19
COD (mg O,/L) 53082 203+76 10266
BOD (mg O,/L) 258 +41 - 23+15

@ Springer

After the passage of the anaerobic effluent through the
TF, there was a significant increase in the concentration
of dissolved oxygen (DO) in the final effluent. The influ-
ent DO concentration was close to zero, a characteristic
of anaerobic effluent, and increased to 5.7 + 1.8 mg L-!
after the TF. Naz et al. (2015) obtained similar results
when operating laboratory scale biological trickling fil-
ter filled with different packing materials. Effluent DO
values rose to 7.18 +0.28, 6.94 +0.06, 6.85+ 0.5 and
6.18 + 1.1 mg L™! in stone, plastic, polystyrene and plas-
tic media TF, respectively (Naz et al. 2015). These high
values of DO were due to the contact of wastewater with
biofilm on media. Vieira et al. (2013) obtained similar
values (5.6 +0.6 mg L™!) when using a larger TF (3.2 m
in diameter).

This behavior shows that EPS enabled an excellent con-
tact between the influent and the gas phase that occupied the
TF, favoring its natural aeration capacity.

Khalifa et al. (2020) observed an increase in aeration
capacity in a wetland after the addition of polystyrene foam.
The authors attributed this improvement to the EPS porosity,
which allowed high aeration, comparable to systems with
artificial aeration.

The turbidity of the final effluent reached 18 + 19 UT.
Therefore, the TF increased its quality by reducing the
values by an additional 57% compared to the UASB efflu-
ent. When we measure the overall efficiency of the system
(UASB + TF), the value jumps to 70%. Both results are
compatible with the results found in the operation of the
same system at full scale with the use of patented packing
materials (Tonetti et al. 2019). At this point, it is important
to highlight that such efficiency was obtained without the
presence of a secondary clarifier.

Regarding the removal of organic matter, the TF managed
to decrease the COD values by another 50% compared to
the UASB effluent. The overall efficiency reached 81%. The
overall efficiency was compromised by the low performance
presented by the UASB reactor in this study. However, when
we evaluate the final effluent in terms of BOD, efficiency is
compatible with that of the literature (Almeida et al. 2011,
Bressani-Ribeiro et al. 2018), reaching 91%. At this point,
it is important to highlight that such efficiency was obtained
without the presence of a secondary clarifier.

Even with the low performance of UASB, the final efflu-
ent presented values lower than the discharge standards
used in developing countries, such as Brazil, El Salvador,
Guatemala, Honduras, and Nicaragua (Oakley et al. 2000).
Such countries mention the values of 180 mg COD L~! and
60 mg BOD L™ as a limit. It would also be below the COD
limit of 125 mg O, L~! established by the European guide-
line for discharge into water bodies (91/271/EEC). In all
cases, this service occurred in 100% of the analyses per-
formed for the final effluent.
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According to Stefanakis et al. (2019), efficiency could be
increased if there was a recirculation of the TF effluent in
the reactor itself, increasing the contact time between efflu-
ent and biofilm.

Therefore, we can see that EPS proved to be another alter-
native material that could be used in sewage treatment. The
quality of the final effluent has always been within the limits
of several global laws and compatible with materials used
in sewage treatment plants at a full scale that use patented
materials (Tonetti et al. 2019), and also compatible with
studies that used alternative materials (Almeida et al. 2011).

As a future step, one must verify the occurrence of nitri-
fication with this support media. In addition, it is essential
to analyze the influence of the EPS geometry on the reactor
efficiency and how the EPS behaves for a prolonged period
of use.

Support media characteristics

The mean mass of each EPS unit was 76.4 +3.3 mg. The
mean volume was 11.7+0.2 mL. Therefore, the density
was 6.56+0.30 kg m~ (Table 2). These values were much
lower than those obtained for crushed stone (1442 kg m™>)
and pall rings (27 kg m™>) (Daigger and Boltz 2011). As a
consequence, it can be expected that the use of EPS in the
construction of TF will not require very robust structures to
support the weight of the material. Therefore, the filter sup-
port of the reactor should only fulfill the function of sepa-
rating the bed of the packing material from the bottom that
drains the effluent.

Even in this regard, a more simplified system could be
obtained, eliminating the support and the bottom of the reac-
tor, responsible for draining the effluent. This system could
be replaced by a bottom with a slope converging to perfo-
rated tubes, which would direct it out of the TF. This tube
would be in contact with the packing material composed of
EPS. Logically, the tube should be produced with a material
that would support the small weight of the EPS column that
would be on it.

The void ratio reached 61.7 +2.1%. This value was com-
patible with the materials typically used, such as crushed
stone (60%), and was lower than pall rings (95%) (Daigger
and Boltz 2011; Lemji and Eckstadt 2013). However, at this

point we must consider the cost of the materials. Shahid
et al. (2019) used polystyrene when treating polluted waters
in a wetland and justified the choice due to anti-weathering
characteristics, inherent strength, temperature, weight toler-
ance, and, more importantly, low cost. Pall rings are costly
and patented, while EPS is a solid waste that has its final
disposition pointed out as a problem in cities in developing
countries.

Another positive aspect for the use of EPS as packing
material in TF would be that its low density and high void
index make it possible to increase the height of the reactor,
allowing the reduction of the area of the STP (Daigger and
Boltz 2011).

The determining factor for the occurrence of nitrification
is the organic load applied to the TF (Metcalf & Eddy, Inc.
2003), thus, a greater height for the reactor can contribute
to the development of heterotrophic bacteria in its upper
part, where the removal of organic matter would occur.
Autotrophic nitrifying bacteria could develop at the bottom,
ensuring conditions for nitrification.

The mean surface area was 201.9 +14.9 m?> m™>. This
value was higher than other alternative materials, even pat-
ented materials (Table 2). Therefore, EPS will provide con-
ditions for a high adhesion of microorganisms.

One of the challenges for implementing EPS reverse
logistics is reducing transport costs (Oliveira et al. 2019).
Therefore, reuse and recycling must be local, avoiding this
material to be transported over long distances.

As an example, we can think of a city of 20 thousand
inhabitants with a mean influent flow of 3000 m* day~!. Fol-
lowing the guidelines for the design of the TF pointed out
by Chernicharo (1997), and adopting a hydraulic loading
rate of 15 m> m~2 day~! and a volumetric organic load of
0.60 kg DBO m*® day™, the TF needed to treat the sewage
should have a surface area of 200 m? and height of 2.50 m.
Soon, there would be a need for 500 m® of packing material.

If we consider the use of EPS in this situation, about
191.5 m? of material (61.7% void ratio) would be nec-
essary, or the equivalent of 1256 kg (density was
6.56+0.30 kg m™3).

In Brazil, where there is a population of 209 million
inhabitants, it is estimated that more than 100 thousand tons
of EPS are consumed per year (Cempre 2019). Therefore,

Table 2 Density, empty bed
volume, and surface area

Parameter EPS Coconut shells Crushed stone Raschig
rings (2
in)

Density (kg m™) 6.56+0.30  915.9 1442 27

Empty bed volume (%) 61.7+2.1 62.5 55 92

Specific surface area (m?m™3) 201.9+14.9 89.6 60.1 103.0

Adapted from Henley and Seader (2005), Daigger and Boltz (2011), Lemji and Eckstadt (2013)
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this country consumes an average of 0.48 kg of EPS per
inhabitant per year. Thus, considering that the city of 20
thousand inhabitants used in the dimensioning of the TF
is typical, its population would generate about 9600 kg of
EPS per year as waste. However, in Brazil, only 34.5% of
the material used is recycled (Cempre 2019). That is, con-
sidering this factor, in the city in question there would be
recycling of approximately 3312 kg of EPS per year.

Not all of this recycled material would be compatible
with its use in a TF reactor. An important portion of this
waste corresponds to inappropriate materials due to its
small thickness, such as food packaging. Therefore, in this
study, only EPS from equipment packaging was considered
adequate, which corresponds to 29% of the total amount
(Oliveira et al. 2019). In this case, the materials are usually
larger and more robust, having dimensions more suitable for
use as TF packing material.

Thus, of the total amount recycled in the city in question
(3312 kg of EPS per year), we would possibly have 960 kg
of EPS per year of material coming from equipment pack-
aging. Since the TF in that city would require 1256 kg of
packing material, it would take the city about 16 months to
fill the reactor.

It is important to highlight that this waste is not to be
directly used in the reactor. The authors of this article believe
that the recycled waste must initially undergo a process in
which the EPS is crushed into smaller and more uniform
sizes, suitable for use in the reactor.

Conclusion

The trickling filter (TF) filled with EPS and used in the
treatment of domestic sewage presented a final effluent with
a quality similar to reactors filled with crushed stone or
patented materials, and always below the limits of several
global laws.

The density of EPS (6.56 +0.30 kg m™3), the
void ratio (61.7+2.1%), and the mean surface area
(201.9+14.9 m? m™) once again demonstrated that EPS
has characteristics similar to other alternative or patented
materials, and indicate that its use in the construction of TF
will not require very robust structures to support its weight.

Therefore, EPS may be another alternative material to be
used in sewage treatment; in addition, part of this material,
which is currently still discarded in landfills, could be given
an appropriate destination.
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