ARTIGO ORIGINAL

A review of seventeen years of bank
filtration in Brazil: results, benefits and
challenges - Part 2: states of Pernambuco
and Minas Gerals

Revisdo de dezessete anos de estudos em filtragdo em Data de antrada:
margem no Brasil: resultados, beneficios e desafios - 04/04/2019

N N Data d do:
Parte 2: Estados de Pernambuco e Minas Gerais 26052000

Marcelo Luiz Emmendoerfer' | Marcelle Martins? | Bruno Segalla Pizzolatti' |

Marcus Bruno Domingues Soares? | Aline Maria Signori' | Mauricio Luiz Sens’ DOL: https://doi.0rg/10.36659/dae.2021.083

ORCID ID

Emmendoerfer ML () https://orcid.org/0000-0003-1346-6267 Soares MBD (1) https://orcid.org/0000-0002-0857-707X
Martins M (&) https://orcid.org/0000-0003-4623-2993 Signori AM () https://orcid.org/0000-0003-1416-6258
PizzolattiBS () https://orcid.org/0000-0002-2765-7040 Sens ML () https://orcid.org/0000-0001-5013-4267
Abstract

This work is the second part of “A Review of seventeen years of bank filtration in Brazil: results, benefits,
and challenges”. Part 2 describes the research on water treatment carried out in the states of Pernambuco
(Olinda city, metropolitan region of Recife and region of Garanhuns) and Minas Gerais (Vigosa city). The
main benefit of bank filtration (BF) is that it is an alternative way of obtaining a higher quality raw water
compared to the traditional water supply methods when local geological conditions are favorable. BF tech-
nology highlights other relevant aspects: it may become one of the main water pretreatments in rivers or
lakes with sandy sediments; it is possible to obtain quality water in a well up to the first impenetrable layer
(30 m deep); the technology removes 100% of total and fecal coliforms; it may reduce water turbidity at
high levels; its pretreatment application may reduce the amount of inputs in the water and, consequently,
the generated sludge.

Keywords: Bank Filtration. Water Treatment. Local Geological Conditions. Pretreatment. Impenetrable Layer.

Resumo

Este trabalho é a segunda parte de “A Review of seventeen years of bank filtration in Brazil: results, benefits, and
challenges”. A parte 2 descreve as pesquisas sobre tratamento de dgua realizadas no estado de Pernambuco
(cidade de Olinda, regido metropolitana de Recife e regido de Garanhuns) e estado de Minas Gerais (cidade
de Vigosa). O principal beneficio da filtragdo em margem (FM) é ser uma forma alternativa de obtengédo de
dgua bruta de melhor qualidade em comparagdo com os métodos tradicionais de captagdo de dgua, quando
as condigdes geoldgicas locais sdo favoraveis. A tecnologia de FM destaca outros aspectos relevantes: pode se
tornar um dos principais pré-tratamentos de dgua em rios ou lagos com sedimentos arenosos; é possivel obter
dgua de qualidade em pogo até a primeira camada impenetravel (30 m de profundidade); a tecnologia remove
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100% dos coliformes totais e fecais; pode reduzir a turbidez da dgua em altos niveis; a aplicagdo como pré-trat-

amento pode reduzir a quantidade de insumos na dgua e, consequentemente, o lodo gerado.

Palavras-chave: Filtragdo em Margem. Tratamento de dgua. Condigdes Geoldgicas Locais. Pré-tratamento. Cama-

da Impenetrante.

1 INTRODUCTION

This second part of “A Review of seventeen ye-
ars of bank filtration in Brazil: results, benefits,
and challenges” (continuation of Part 1 - State of
Santa Catarina) consolidates the results obtai-
ned over 17 years of studying BF in Brazil to date
and draws attention to the main advantages and
challenges of this technique; that is, the state
of the art at the national level. It illustrates the
research performed in the states of Pernambuco
and Minas Gerais, where results were compiled in
a result matrix, from which tables were created

containing physical, chemical, biological, and
specific contaminant parameters. For each grou-
ping of results, there was a discussion of the ela-
borated table.

A bibliographic search was conducted in the na-
tional and international databases, which inclu-
ded articles, theses, dissertations, book chapters
and course conclusion, totaling 53 (27 in Part 1
and 26 in Part 2) documents that suggested that
research on the subject is concentrated in the
states of Santa Catarina, Pernambuco and Minas
Gerais (Fig. 1).

4, SANTACATARINA

Figure 1 - Map of Brazil indicating the three federative states involved in BF research:

Santa Catarina, Minas Gerais and Pernambuco states
Source: Authors (Part 1)

2 STUDIES CARRIED OUT IN THE STATE OF
PERNAMBUCO

BF as a method of water pre-treatment in the state
of Pernambuco (PE) took place in partnership with
Companhia Pernambucana de Saneamento (COM-
PESA). The first experimental station in the state
was installed at the Caixa d’Agua Elevatory Station,
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in Olinda, on the banks of the Beberibe River, in the
metropolitan region of the city of Recife, Pernam-
buco (PAIVA, 2009). Other studies in Pernambuco
occurred in a semi-arid region in the city of Gara-
nhuns, in the Mundau Public Supply Reservoir, whi-
ch has an advanced eutrophication process. The
study sites in Pernambuco are shown in Fig. 2.
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Figure 2 - Study sites for the BF technique in the state of Pernambuco, Brazil
Source: Adapted from APAC and Campos (2003)

2.1 Beberibe River - Olinda (PE) -
Characterization of the banks of Beberibe River

The study site of the Beberibe River basin is loca-
ted between the UTM coordinates of 261228.80
m E and 9105854.46 m S, zone 25, located in the
metropolitan region of Recife, crossing the muni-
cipalities of Recife, Olinda and Camaragibe (CAM-
POS, 2003). Theriver has a predominant west-east
orientation, with a drainage area of 81 km? It has
a length of around 19 km, from the confluence of
the Araca and Pacas rivers to the end of the Atlan-
tic Ocean. In normal periods, the river is narrow,
approximately 6 m wide (PAIVA, 2009).

The study area is located on the COMPESA
site, where water is pumped to two treatment
stations that serve some neighborhoods in
Recife and Olinda (FREITAS, 2018), with the
study site situated at the UTM coordinates of
9115500.00 to 9116000.00 m E and 289500.00
to 290000.00 m S, zone 25, which is on the
border between Olinda and Recife. Even thou-
gh the region is highly urbanized, it is close to
the Ecological Reserves of Mata de Passarinho
and Mata Dois Unidos (located in higher quo-
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tas), which provide an adequate groundwater
recharge in the region (PAIVA, 2009).

The researchers’ interest in this region was moti-
vated by the fact that, according to data from the
monitoring network of the Environment and Water
Resources Company of Pernambuco (CPRH), the-
re are high rates of fecal coliform concentration.
Moreover, there are difficulties related to intense
industrial, urban (domestic sewage, runoff) and
agricultural activity, riparian deforestation, cons-
truction of highways and bridges, rainwater draina-
ge from highways and dumps, all of which impact
the Beberibe watershed (PAIVA et al., 2010).

The project was installed on the banks of the Be-
beribe River, presenting silt-clay material, which
continually grades to sand and then clay with
thickness varying between 2 and 5 m. Sequen-
tially, several layers of coarse, medium, and fine
sand were found, up to 18 m, where the sandy
silt begins and, subsequently, clay. There is also a
peat layer under the riverbed (PAIVA, 2009; PAIVA
et al., 2010; VERAS, 2011; FREITAS et al., 2012;
FREITAS, 2018).
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The granulometric analysis of the riverbank (0.2
m deep) indicated silty-clay sand sediments,
with 44% sand, 29.8% silt and 24.99% clay, with
8.46% of OM. The riverbed sediments (0.3 m
deep) showed characteristics that varied from
coarse to very fine sand, composed of a range
of 57.95% to 96.75% of sand. According to the
studies, the amount of OM fluctuated between
0.46% to 11.1%, which was higher at the bank
(VERAS, 2011; ALBUQUERQUE, 2015; VERAS et
al., 2016; FREITAS, 2018).

The riverbed infiltration rates varied betwe-
en 1x102% m/s and 1.19x107 m/s. Freitas (2018)
pointed out that the average diameter of the se-
diments in the first 5 cm of the hyporrheic zone
was approximately 0.067 mm. As it was as much
as 10 cm deep, the sediment had an average dia-
meter of 0.057 mm.

The hyporrheic fauna found in two different
points of the Beberibe River is distributed in
groups corresponding to rotifers (2% to 68%),
nematodes (18% to 41%) and annelids (14% to
54%), 3% of which are other taxonomic groups
(VERAS et al., 2016; FREITAS, 2018), with local
groups as the most representative (96% domi-
nance) (ALBUQUERQUE, 2015).

2.1.1 Characterization of the production well
surroundings

Granulometric tests at a depth of 7 to 7.45 m de-
noted a composition of 37% gravel, 23% coarse
sand, 20% medium sand, 18% fine sand and 2%
silt and clay. At a depth of 15 to 45 m, the test in-
dicated a marked presence of fine sand (63%), in
addition to medium sand (23%), clay (10%) and
silt (4%) (PAIVA, 2009; PAIVA et al., 2010).

The pumping tests showed that there is a hy-
draulic conductivity in the locale, varying betwe-
en 1.4x10° and 1.7 x 10 m/s, mainly due to the
coarse sand layer identified in the lithological
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profiles. The hydraulic conductivity of the aquifer
measured by piezometers is approximately 3.0 x
1075 m/s (PAIVA, 2009; PAIVA et al., 2010).

The production well (P1), 15 m from the Beberibe
River, was built 15 m deep, 6 inches in diameter,
with a filter section between 6 and 13 m. After
the Flow tests, it stabilized between 12.5 m3/h and
12.6 m3/h (3.47 and 3.5 L/s), and the potentio-
metric studies indicated the flow of natural wa-
ter towards the well, which was intensified during
pumping (PAIVA, 2009; FREITAS, 2010; PAIVA et
al.,2010; CABRAL et al.,2011; FREITAS et al., 2011
VERAS, 2011; FREITAS et al., 2012; DEMETRIO et
al., 2013; FREITAS et al., 2017). Nonetheless, the
authors found the hydraulic connection between
the river, well and aquifer. Santos (2010) was able

to confirm this through isotope analyses.

A series of studies was carried out based on P1;
however, in 2012, 3 more production wells were
installed onsite. In relation to the first production
well, the new wells were located in the north (P2),
southeast (P3) and northwest (P4), as shown in
Fig. 3. Each one had characteristics similar to P1,
with 6 inches in diameter and 15 m depth with
a filter section between 6 and 12 m. The avera-
ge flow of the wells was 9.57 m3/h (2.7 L/s) in P2,
9.13m3/h (2.5L/s)inP3 and 9.8 m3/ h (2.72 L/s)
in P4, although the latter well has not yet been
studied. In the same way, there was a hydraulic
connection between the wells, the aquifer and
the shallow source (FREITAS et al,, 2012, 2017;
FREITAS, 2018).

2.1.2 Characterization of water quality: physical
and chemical parameters

The following are the compilations of physical,
chemical, biological and contaminant parame-
ters analyzed in the BF system on the Beberibe
River, through production wells P1, P2 and P3,
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between 2009 and 2018. P2 has not been exten-
sively studied.

Freitas (2018) conducted research on the P2 and
P3 well systems, with the location characteriza-
tion of the facilities, which is mainly maintained
by evaluating the hyporrheic zone of the Bebe-
ribe River. Thus, the performed water analysis
of physical and chemical parameters served as
complementary information in the research area.
Veras (2011) achieved the parameters analysis at
P1 through monitoring records over 6 months,
identifying turbidity values less than 1.6 NTU
in FW, while RW reached concentrations grea-
ter than 140 NTU. Similarly, the apparent co-
lor showed maximum levels of about 30 Pt — Co
Units in the FW, in a period of intense rains, while
the RW had rates greater than 320 Pt — Co Units.
These results have not been tabulated.

Table 1 presents the physical parameters asses-
sed at different times of the BF system operation
applied in the Beberibe River by some authors,
according to the references in the table.

The P1 studies demonstrate great variation of
apparent color and turbidity in the source. Howe-
ver, BF proved to be quite efficient in its removal.
The average removal percentage involves the
results obtained by different researchers over
time, without obtaining less than 98% apparent
color removal (ALBUQUERQUE, 2015; VERAS et
al., 2017), and less than 95% turbidity removal
(PAIVA, 2009; FREITAS, 2010; PAIVA et al., 2010;
FREITAS et al., 2012, 2013 and 2017). In the P3
studies by Freitas et al. (2017), they obtained
excellent results in removing these two physical
parameters as well. An SS removal of 98% at P1
was also observed (PAIVA, 2009).

Table 1 - Results of the physical parameters obtained in the Beberibe River.

Apparent color
(Pt—Co Units)

Turbidity (NTU) SS (mg/L)

Temperature (°C)

ALBUQUERQUE, 2015;

(ALBUQUERQUE, 2015;

FREITAS, 2010; FREITAS et

Ref. FREITAS et al, 2017) al, 2012,2013,2017; PAIVA, (PAIVA, 2009) FREITAS et al., 2017)
2009; PAIVA et al., 2010)
RW 169, to 180.3 14.3t087.62 75.27 27.6
FW (P1) Oto2.7 0.09to 1.12 <1.63 27.3
% average removal 99 98 X
Apparent color . g
(Pt=Co Units) Turbidity (NTU) SS (mg/L) Temperature (°C)
References FREITAS et al.,, 2017) FREITAS et al,, 2017) FREITAS et al,, 2017) FREITAS et al., 2017)
RW 169.1 X 27.6
FW (P3) 1.8 X 27.5
% removal 99 X X

RW- raw water (source-Beberibe River); FW- filtered water (production wells); NTU- Turbidity Unit; SS- Suspended solids.
Source: Adapted from Paiva (2009); Freitas (2010); Paiva et al. (2010); Freitas et al. (2012 and 2013); Albuquerque (2015) and Freitas et al. (2017)

Regarding the chemical results analyzed in well
P1, Table 2 shows a considerable decrease in
alkalinity, but a less pronounced alkalinity of bi-
carbonates, calcium, copper, nickel, manganese
and total hardness. In these studies, the removal
of 100% chromium and 96% total iron stands
out. The pH also showed a small decrease.
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In Paiva’s et al. (2010) studies at P1, unlike what
was observed in Table 2, there was a 2-fold in-
crease in the concentration of manganese. Zinc
also varied, with a 1.4-fold increase in P1 water
(PAIVA, 2009) and a 13% removal in 2010 (FREI-
TAS, 2010) (results not tabulated). The electri-
cal conductivity slightly fluctuated, with a de-
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crease of 4% (PAIVA, 2009; FREITAS et al., 2017)
and a 1.1-fold increase of (FREITAS, 2010; PAI-
VA et al., 2010; FREITAS et al., 2012). Unlike the
results in Table 2, the hardness in Freitas’ works
had a 1.3-fold increase (FREITAS, 2010; PAIVA et

al., 2010; FREITAS et al., 2012). The increase in
electrical conductivity and total hardness (FREI-
TAS et al., 2012) was attributed to the leaching
of some compounds from the soil or changes in
redox conditions.

Table 2 - Results of the chemical parameters obtained in P1.

Total Alc. of Total
Alc. (m bicar. in Caz hardness  Chlorides
CadOz /E) CaCOs (mg/L) (mg (mg C"/L)
(mg/L) CaCOs/L)
) <2( SkE N S
b 2 g WERE wSd
o 8,9 o 5 < 38R 3T
K Q8 < < EFoo g T3
=R = = SNNZ 39
o< < < ou_=< O’ﬁ:
Sk o o SgEa oD
9 5o 9
I < <
25.64to 30.69to 22.5to
Rw 1018 2264 o4 87.6 40.1
12.09to 33.24to 30.1to
FW(P1) 183 12.09 57 49.2 30.4
0,
%average 53 40 36 15

removal

RW- raw water (source-Beberibe River); FW- filtered water (production well).

Ferro

oH oo n2* Cu cr Niz*
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
% o - ) . .
Ee  8g 8% 55 < :
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661075 53y 0.057 0072 0.033 038
005to | 002to | <0.0Tto
551066 5508 0.038 0.026 0 031
x % 30 55.6 100 25

Source: Adapted from Paiva (2009); Freitas (2010); Paiva et al. (2010); Freitas et al. (2012 and 2013); Albuquerque (2015) and Freitas et al. (2017)

Veras (2011), through monitoring P1 over time,
found a decrease in pH, electrical conductivity,
total alkalinity and total hardness of filtered
water in relation to raw water (results not ta-
bulated).

Table 3 shows an average removal of more than
50% of all evaluated parameters (ammonia, ni-
trite, nitrate, BOD and COD), indicating the de-
gradation of the compounds present in RW as it
infiltrates the soil. The removal of 100% nitrites
and 90% ammonia stands out.

Table 3 - Other results of chemical parameters obtained in P1.

DOC (mg/L) NHs (mg/L) NO2" (mg/L) NOs™ (mg/L) BOD (mg/L) COD (mg/L)
(ALBUQUERQUE, ALBUQUERQUE, ALBUQUERQUE, (FREITAS, 2010;
(FREITAS et al 2015; FREITAS, 2015; FREITAS, 2015; FREITAS, FREITAS et al. 2012: (FREITAS, 2010;
Ref. 2012) v 2010; FREITAS et al., 2010; FREITASetal,, = 2010; FREITAS et al,, PAIVA 2000, PAIVA | PAIVA,2009; PAIVA
2012; PAIVA,2009; = 2012; PAIVA,2009; = 2012; PAIVA, 2009; etal. 201 0) etal,2010)
PAIVAetal,2010) = PAIVAetal,2010) | PAIVAetal,2010) "
RW 26.8 0.29t0 4.81 0to5.3 0.88t03.3 3.27t06.17 11t027.18
FW (P1) 9.2 0.2t00.448 0t00.005 0.003t00.51 0.81t02.43 3t015.27
% average removal 66 90 100 73 68 58

RW- raw water (source-Beberibe River); FW- filtered water (production well); % average removal - average removal of the parameter in the FW; DOC - dissolved
organic carbon; BOD- Biochemical oxygen demand; COD - Chemical oxygen demand; NHs - Ammonia; NOz" Nitrite; NOs™- Nitrate.
Source: Adapted from Paiva (2009); Freitas (2010); Paiva et al. (2010); Freitas et al. (2012) and Albuquerque (2015)

Despite the oscillations observed in the raw wa-
ter throughout the monitoring, there was a large
removal of nitrogen compounds in the research
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by Veras (2011), with ammonia, nitrite and nitra-
te presenting results very close to zero most of
the time.
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Table 4 shows the results of some chemical para-
meters evaluated in P2 and P3. The table highli-
ghts the BF’s efficiency in removing 97% of mag-
nesium (FREITAS, 2018). A small decrease in the

conductivity of P2 (FREITAS, 2018) and P3 was also
observed, oscillating between a decrease of 4.45%
(FREITAS et al., 2017) (A) and an 1.2-fold increase
in FW in relation to RW (FREITAS, 2018) (B).

Table 4 - Results of some chemical parameters obtained in P2 and P3.

. Electrical
Chloglt_:I/eLs) iz conductivity (uS/  conductivity (uS/ Taalg:ég':ff)s (mg Mg?* (mg/L) pH
cm) A
(FREITAS et al., (FREITAS et al.,
Ref. (FRE'ZTasgt al, 2017; FREITAS, (FREITAS, 2018) (FRE'ZTQS;)“ al, (FREITAS, 2018) 2017; FREITAS,
2018) 2018)
RW X 394.75 X X 3.125 6.76
FW (P2) NA 345 X X 0.1 7.22
% average removal X 13 X X 97 X
RW 22.5 247 394.75 313 3.125 6.6t07.2
FW (P3) 354 236 475.75 373 0.1 5.4t06.54
% average removal X 4.45 X X 97 X
FW/RW 1.6 X 1.2 1.2 X X

RW- raw water (source-Beberibe River); FW- filtered water (production well); FW/RW - increment of the parameter in FW.

Source: Adapted from Freitas et al. (2017) and Freitas (2018)

Freitas et al. (2017) recorded an increase in
chlorides and total hardness in P1 and P3 as
well as a decrease in electrical conductivity
and pH in both wells. Such changes were rela-
ted to the degradation of OM, physical-che-
mical processes and dissolution of compounds
during filtration. In addition, a redox potential
of -66.2 mVin P2 and 5.42 mV in P3 was obser-
ved (FREITAS, 2018).

2.1.3 Biological parameters and
specific contaminant

The following tables (Table 5 and Table 6) demons-
trate the efficiency of BF in removing microbiolo-
gical parameters. It is possible to observe a great
variation of total coliforms and E. coli in the source
with time. However, even in periods of high concen-
trations (= 160,000), as in the studies by Freitas et
al. (2013 and 2017), the absence of these parame-
ters in the water of the production well was verified.
Freitas et al. (2017) also evaluated total coliforms in
well P3, obtaining the same result.

Table 5 - Results of some biological parameters evaluated in well P.

Parameters References Raw water-Beberibe River Filtered water
Cyanobacteria (cells/mL) (FREITAS, 2010; FREITAS et al., 2012) ~1,678t0~15,286 Absent
(FREITAS, 2010) 1,516 to 48,932 <20
(PAIVA et al., 2010) >160,000 <20
Total coliforms (MPN/100 mL) A (FREITAS et al., 2012) 1,516 to 30,804 Absent
(FREITAS et al,, 2013,2017) 21,600 to 160,000 Absent
(ALBUQUERQUE, 2015) >1,600to >1,160 Absent
(FREITAS, 2010) 300to 4,220 Absent
(PAIVA et al., 2010) >160,000 <20
E. coli(MPN/100 mL) (FREITAS et al., 2012) 300to 3,428 Absent
(FREITAS et al., 2013) 50,000 to 2160,000 Absent
(ALBUQUERQUE, 2015) >60to >1,600 Absent

Source: Adapted from Freitas (2010); Paiva et al. (2010); Freitas et al. (2012 and 2013); Albuquerque (2015) and Freitas et al. (2017)
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Contrary to the results in Table 5, the monitoring
carried out by Veras (2011) in well P1 showed
that only 50% of the samples performed in the
well had absent thermotolerant coliforms, with
an average presence of < 2 MPN/100 mL, which
was the lowest concentration of total coliforms.

Another interesting study conducted in wells P1
and P2 was about the efficiency of BF in removing
pathogenic microorganisms from water, such as
protozoa and helminths (FREITAS et al., 2013 and
2017), as shown in Table 6. The results found in

RW correspond to the parameter percentage of
16 total samples.

Veras et al. (2017) also verified the BF potential
in the removal of drugs. The contaminant found,
with the specific constancy in the Beberibe River,
was a widely used anti-inflammatory, diclofenac.
Contaminant concentrations in RW ranged from
0.029 to 0.055 mg.L" in wells P1 and P2, results
were obtained from O to 0.009 mg.L", demons-
trating that BF has great potential in attenuating
this contaminant.

Table 6 - Results of BF studies on the removal of protozoa and helminths found in the Beberibe River.
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RW- raw water (source-Beberibe River); FW- filtered water (production well); A- Absent; NA- Not Analyzed. * The analyses in P3 were performed in the 2017

studies by Freitas, (FREITAS et al,, 2017).
Source: Adapted from Freitas et al. (2013 and 2017)

2.1.4 Modeling

Throughout the years that corresponded to the
efficiency studies of the BF pilot system applied
to the Beberibe River, two different surveys were
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applied in 2013 (PAIVA, 2013) and 2015 (SANTOS
et al.,, 2015), which focused on mathematical
modeling and simulations, as seen in Table 7.
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Table 7 - Synthesis of the models elaborated from field research.

Hypotheses Scenarios

Simulation in dry period (0
to 183 days) with recharge

Understand the flow processes of218 mm/year

Main Results
Hydraulic loads (drawdown) reached levels lower than -2.0 m around the production well.

There was a contribution from the river in its upstream stretch: 6.41 m*/ day leaving laterally
from the first layer to the left bank, and 25.50 m?3/ day vertically.

between the Beberibe River
and the aquifer system

Hydraulic loads (drawdown) reached levels below -1.7 m around the production well.

through pumpinginduced bya | Simulation in rainyseason =~ The flow occurred in the direction of the river to the production well, in its upstream section,

(183 to 365 days) with

production well (PAIVA, 2013).
recharge of 571 mm / year

in the values of 17.97 m?/ day, exiting laterally from the first layer to the left bank,

and 40.93 m?/ day vertically.

About 20% of the pumping flow corresponded to the Beberibe River contribution.

The potentiometric maps show that the underground flow occurred in the direction of the
river’s flow, from right to left, with an inflow of underground flow in the northwest direction,

Both scenarios
Develop a numerical model of
the river-aquifer interaction on
the banks of the Beberibe River

Dry season
and analyze the sensitivity of v
conductance and recharge Wet season
(SANTOS et al., 2015).
Othervariations

due to the existing natural recharge zone.

Contribution of the river to the aquifer only in the area upstream of the dam, since the

hydraulic load on the river is greater in this stretch.
Levels less than -2 m around the well -2.3 m.
Levels lessthan-1.7m,-1.6 mand -2 m.

Sharp lowering of the groundwater around the production well.
The effect on the hydraulic load caused by variations in the conductance values is not

significant. As for the recharge contour condition, due to precipitation and flow from the
recharge zone of the free aquifer, there was a greater sensitivity in variations in hydraulic loads.

Source: Adapted from Paiva (2013) and Santos et al. (2015)

2.2 Mundai Public Supply Reservoir -
Guaranhuns (PE) - Characterization of the
production well surroundings

The watershed of the Mundad River is located in
the states of Pernambuco and Alagoas. The Mun-
dau River rises in the municipality of Garanhuns,
a semi-arid region in Pernambuco, where it spans
approximately 69 km. The Mundau River basin, in
its entire length, has an area of 4,090.39 km?, of
which 2,154.26 km? is in Pernambuco. The Mun-
dau basin has three reservoirs, the Mundaui-Gua-
ranhuns Public Supply Reservoir with a capacity
of 1,968,600 m3 (APAC).

The BF production well was built on land that
belongs to COMPESA, at the UTM coordinates
of 9016346.00 m E and 775746.00 m S, zone
24 (SANTOS et al, 2011 and 2014; GUEDES
et al., 2018). This dam is one that is responsib-
le for the water supply in that municipality and
was chosen for this study because it presents
frequent blooms of cyanobacteria and recei-
ves water effluents from the municipality. The
water flows from the body and base of the dam
to the production well in a natural way (SANTOS
etal, 2011).
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To implement the production well, it was deci-
ded to change the soil, building two trenches
parallel to the well, 10 m long, 1 m wide and 1
m deep, with a total capacity of 10 m3, in order
to improve the water collection captured by the
well as the region has very shallow soil layers,
which could harm the BF system (SANTOS et
al., 2011 and 2014; GUEDES et al., 2018). Both
trenches were filled with medium and coarse
sand (diameter between 0.5 and 2.0 mm), gene-
rating high permeability.

The production well was built 38 m from the base
of the dam, with a depth of 2.5 m and a diameter
of 1 m. The two trenches were located 4 m away
from the well in the center (SANTOS et al., 2011
and 2014; GUEDES et al,, 2018). The system was
operated with intermittent pumping, with the
applied flow varying throughout the studies.

The granulometry tests carried out with material
collected up to 1 m deep showed medium sand
(32%), fine sand (28%), clay (21.5%), silt (12%),
coarse sand (5 %) and gravel (1.4%) in its com-
position. In the first depth of 2.5 m, there was a
higher occurrence of fine sand (36%), clay (24%),
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medium sand (19%), silt (14%), coarse sand (5%)
and gravel (2.5 %) (SANTOS et al., 2011).

2.2.1 Characterization of water quality: physical
and chemical parameters

Santos et al. (2011) were the pioneers in resear-
ch involving the system applied in the Mundal
Reservoir, with a flow rate of 1.37 m3/h (0.38 L/s).
As seen in Table 7, the technology was efficient in
removing turbidity. It also showed a considerable
decrease in pH (2.21 pH units) and a 48% decrease
in DO. The influencing factors in the aforementio-
ned parameters are based on the OM degradation
that occurs during the filtration process (SANTOS
etal.,,2011; GUEDES et al., 2018).

The authors pointed out the influence of grou-
ndwater on the resulting electrical conductivity,
considering that the water from the dam possi-
bly receives an increase in salinity, and the se-
diments do not have the necessary capacity to
retain salts. The high electrical conductivity was
presented as a factor characteristic of shallow
aquifers, and, considering the lesser depth of the
well, it was assumed that there is greater dissolu-
tion of salts in the medium (SANTOS et al., 2011).

The analysis of total iron, in turn, was the object
of study by Guedes et al. (2018), through a flow
of 0.53 m3/h (0.15 L/s). It is observed in Table 8
that there was an increase in FW of 100 times in
relation to RW.

Table 8 - Physical and chemical parameters obtained in BF studies in the Mundau Reservoir.

Electrical
Turbidity (NTU) Temp. (°C) conductivity DO (mg/L) Total iron (mg/L)
(uS/cm)
Ref 205%955/35%22‘;&[ (SANTOSetal,  GUEDESetal,2018;  (SANTOSetal,  GUEDESetal,2018;  (GUEDESetal,
: "011) X 2011) SANTOS et al., 2011) 2011) SANTOS et al., 2011) 2018)
RW 27.32to 44.1 28.24 8.46t08.5 586.6 7.2t08.2 03
FW 13.3t0 14.2 24.88 6.25t06, 11122 3.58t0 4.4 30.1
% average removal 61 X X 48 X
FW/RW X X 1.9 X 100

RW- raw water (Mundai Reservoir); FW- filtered water (production well); FW / RW - increment of the parameter in the FW; NTU- Turbidity Unit;

DO- Dissolved oxygen.
Source: Adapted from Santos et al. (2011) and Guedes et al. (2018)

Applying a lower flow rate than those from their
studies in 2011 (0.24 m3/h (0.07 L/s) and 2014,
Santos et al. (2014) obtained results that indica-
ted turbidity removal, decreased pH and DO, in
addition to increased electrical conductivity, si-
milar to previous studies. However, the authors
included the analysis of the iron parameter, and
the total concentrations found in the FW corres-
ponded to levels of up to 46 mg/L, while in the
raw water there was a close variation to zero, a
result even greater than that found by Guedes et
al. (2018). The authors still cited the existence of
cyanobacteria in the reservoir water but did not
identify their presence in filtered water.
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3 LAGOA UFV LAKE- VICOSA (MG)

Vicosa is a municipality in the southern region
of the state of Minas Gerais (MG). The BF system
was installed in a microbasin located on the pre-
mises of the Federal University of Vicosa (ROCHA,
2015; ROCHA and MARQUES, 2016 and 2018)
between the UTM coordinates of 722976.32
m E and 720336.30 m E, 7703120.40 m S and
7700386.54 m S, zone 23S, as shown in Fig. 3.
The pilot project was implemented in the experi-
mental field of Prof. Diogo Alves de Mello, in the
period between May/2013 and October/2013
(ROCHA, 2015).
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Figure 3 - Location map of the study area - State of Minas Gerais
Source: Adapted from Rocha (2015)

3.1 Characterization of the production
well surroundings

The Ffacilities near the lake had a geomechanical
PVC production well 4 inches in diameter and 25
m deep. In the first 4 m of depth, soil with silt-clay
texture was followed by soil with silt-sand texture,
up to 25 m, where the rocky top begins (ROCHA,
2015; ROCHA and MARQUES, 2016 and 2018).

The pumping was configured as intermittent, with
a flow variation between 4.5 m3/h and 6.1 m3/h
(1.25 L/s and 1.7 L/s). In addition, transmissivity
values (T) equal to 1.0 x 10* m?/s and hydraulic
conductivity (K) of 5.0 x 10° m/s were obtained,
with potentiometric results indicating the natural
flow of the aquifer towards the lake, passing throu-
gh the production well. The travel time was identi-
fied as at least 85 days, with water passage speed
through the porous medium of 0.41 m/d (ROCHA,
2015; ROCHA and MARQUES, 2016 and 2018).
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3.2 Characterization of water quality: physical,
chemical and biological parameters

Rocha’s experiments included the analysis of
the basic parameters of the water quality of the
lake and the installed production well, as seen in
Table 9 (ROCHA, 2015).

It was possible to verify a 39% reduction in
turbidity in the production well, as well as pH,
phosphates, DO, BOD and complete removal
of E. coli. Such aspects show the degradation
activity that occurs during the filtration pro-
cess at the site. The decrease of 1.06 pH unit
was attributed to the decomposition of organic
matter, which in turn gives rise to organic acids
responsible for the decreased pH. The increased
temperature was considered a natural aspect of
the process since it is influenced by the compo-
sition of the area.
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Table 9 - Results of the parameters obtained at the UFV lake in 2015.

Turbidity (NTU) pH Temp. (°C)
RW 9.24 6.19 22.62
FW 5.66 5.13 23.22
% average 39 x x

removal

Phosphates E. coli (MPN/100
(mg/L) DO (mg 02/1) BOD (mg/L) mL)
0.07 6.1 4.48 2114
0.03 5.2 1.87 A
57 15 58 100

RW- raw water (source-UFV Lake); FW- filtered water (production well); NTU- Turbidity Unit; DO- dissolved oxygen; BOD - biochemical demand for oxygen;

MPN- most probable number.
Source: Adapted from Rocha (2015)

3.3 Modeling

Rocha (2015) and Rocha and Marques (2018)
addressed aspects of the hypothesis modeling
around the system installed at the UFV lake, such

as the identification of the underground flow and
possible configurations of Ffiltered water exploi-
tation, according to Table 10.

Table 10 - Synthesis of the models elaborated from field research.

Hypotheses Scenarios

Understand the flow shape of
the aquifer at the site of the BF
system and evaluate variations

in flow and pumping during
periods of drought.

Source: Adapted from Rocha (2015) and Rocha and Marques (2018)

Simulations with 1, 5 and
10years, flow variation,
pumping variation and

allocation of an extra well.

4 FINAL CONSIDERATIONS

The following includes the considerations of all
the data collected to compose this review (part 1
and part 2), contemplating the three states that
carried out research in the area.

The turbidity removal is quite pronounced in
BF, considering that a large part of what is sus-
pended in the source is retained in the filtering
medium; that is, on its bank. In almost all stu-
dies cited, the removal value reached 100%,
except in the city of ltuporanga (aquaculture
lake), Mundau (reservoir in the city of Guara-
nhuns) and in the city of Vicosa. In these three
cases, there was the presence of granular mate-
rial of large diameter in the soil (gravel, pebble,
rock), which may have caused this low reduction
(Mundau and Vigosa) or even increase (ltupo-
ranga). Long periods of rain can also impair the
reduction of physical parameters.
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Main Results

The flow is horizontal and goes towards the lake, passing through the production system,
besides, even in dry periods, the system has available water for pumping.

Exploitable flow rates vary up to 38 m%/h (10.55 L/s).

Regarding the apparent color, due to the turbidi-
ty removal through the soil, its removal was also
very high, with the exception of Ituporanga, where
there was an increased apparent color, likely for
the same reason mentioned above. The true color
tends to be very similar to the source. Factors of
distance from the wellin relation to the source, soil
composition and the pumping flow of the well are
very relevant to obtain the highest removal value.
Low removal of physical parameters was observed
during periods with large volumes of rainfall, whi-
chresulted in compound leaching, such as organic

matter and colloidal materials.

The increased flow can be beneficial from the
standpoint of the volume of water pumped. On
the other hand, it can bring a greater contribu-
tion from the aquifer and, thereby, an increase
of undesirable chemical elements (Fe, Mn, Al, F,
among others) contained in the soil. Therefore,
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the increased flow should always be monitored
to find the ideal point between flow x quality,
thus, making the most of this technology.

In some studies, the results of total organic car-
bon (TOC) and dissolved oxygen (DO) had a de-
crease of around 50% and lower values in others.
Its reduction is directly linked to the water quality
of the source and the presence of organic matter
(OM) in the soil. Studies have found that there is
a simple reduction or the permanence of a value
similar to that of the source with a slight increase.

In practically all of the research, we observed
that the values of conductivity, total hardness
and alkalinity increased after BF, which was attri-
buted to the processes of erosion and dissolution
of the materials when the water passes under-
ground, as well as fields. The pH, in most studies,
decreases after BF, probably due to the presen-
ce of some acidic species in the soil. When such
species are not found in the soil, the pH tends to
be similar to that of the source.

Regarding total and fecal coliforms (E. Coli), the
technology, as it is put into operation, may appe-
ar at the beginning of the pumping (first days);
afterwards, the research indicates 100% removal
or close to this value. Other microbiological pa-
rameters studied as well as other specific conta-
minants were significantly reduced (toxins, pes-
ticides and drugs). This fact can be linked to the
travel time between source and well. This travel
time is determined by the distance between the
source and the well and its flow. Likewise, the
study of the flow variation can bring about the
optimization of the removal of these parameters.

Salinity was not considered as a parameter in any
of the studies, despite being an important para-
meter for the quality of drinking water, especially
in Northeast Brazil. Obviously, in shallow wells,
the concentration of salinity does not tend to be
high, but in studies close to the sea this parame-
ter must be analyzed when the intention is to use
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BF for a real supply situation, in order to fit the
values in current legislation.

The main benefit of BF is that it is an alternative
way to obtain better quality raw water compared
to traditional water supply methods when soil
conditions are favorable. BF technology highli-
ghts other relevant aspects: it may become one
of the main water pretreatments in rivers or lakes
with sandy sediments; it is possible to obtain
quality water in a well up to the first impenetra-
ble layer; the technology removes 100% of total
and fecal coliforms; it may reduce water turbidity
at high levels; the application as pretreatment
may reduce the amount of inputs in the water
and consequently, the generated sludge.

In summary, for public supply systems, the big
challenge in Brazil is to apply BF as a pre-treat-
ment in already consolidated situations, that is,
in systems in operation (water treatment plants),
which can make the quality of raw water reach
the beginning of treatment with the same stan-
dards (or better) as when the current treatment
systems were conceived, causing them to have a
longer useful life or even receive a greater flow.

Finally, after years of research in Brazil, BF pro-
vides well-trained professionals another way to
obtain quality water, proving that it is even pos-
sible to acquire with a shallow well (up to 30 m).
Furthermore, specialists in water treatment can
consider that better quality raw water is achie-
vable by simplifying the treatment process ins-
tead of designing more treatment steps. The
fact remains that BF unites areas of knowledge
hitherto: geology, chemistry, and biology, which
are usually treated in isolation, making the tech-
nology increasingly elucidated and widespread.
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