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Abstract

This study is about the use of naturally occurring filtering materials for rainwater treatment for drinking water proposal.
Crushed gravel, ceramic spheres from natural clays, silica sand and natural zeolite were used as filtering materials. The
mineralogical composition of filtering materials was determined, being the illite and mordenite the major components of
ceramic spheres and natural zeolite, respectively. Naturally occurring materials were simultaneous evaluated on two con-
figuration of pilot plant systems (biofilters) for rainwater treatment. Three columns were arranged in series with unstratified
flooded beds. The first stage was packed using crushed gravel. The second stage was packed using ceramic spheres. The third
stage was packed with silica sand for the first plant and a natural zeolite was used for the second pilot plant system. Finally,
a last stage of ultraviolet disinfection was incorporated. The trial period was 90 days, and it was evaluated the removal of
Fe*? and Mn™?, total coliforms, faecal coliforms and Escherichia col (E. coli). The rainwater treatment system using natural
zeolite provided better results than the one using silica sand at third stage. The concentration of Fe*? and Mn*? was below
the maximum permissible limits within 45 days. The efficiency of the treatment systems was optimal within 45 days, after
the efficiency decreased progressively. Then, it is an attractive proposal for rural areas in developing countries for single-
family water treatment systems.
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Introduction

The contamination of water resources has become a serious
problem. There is concern about the availability of water
sources for human consumption in future (Rodell et al.
2018). Nowadays, around a thirty percentage of people
do not have access to drinking water services and a sixty
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The inhabitants of Amazon areas collect and consume
directly the rainwater, even it is stored in unhealthy condi-
tions (Kim et al. 2017; Taffere et al. 2017). Rainwater is the
unique source of water of some rural areas, being important
their optimal use and conservation (Zhu et al. 2004). The
collected rain water can be contaminated by dust particles,
leaves and by the presence of animals (e.g. birds, cats and
rodents) (Chidamba and Korsten 2015; Lee et al. 2016;
Shaheed et al. 2017). The contamination of rainwater is pro-
moted by containers without lids, the prolonged storage in
dirty containers and the lack of maintenance of containers.
The consequence is the development of microorganisms in
water such as Total Coliforms (TC), Faecal Coliforms (FC)
and Escherichia coli (E. coli) (Jesmi et al. 2014). Therefore,
it is necessary to improve the quality of life of people from
rural areas of developing countries.

Many technologies have been developed for water treat-
ment at home which become effective for pollutants removal.
Then, it is desirable a low-cost, easy operation and main-
tenance treatment system for rural areas (Ren and Smith
2013). Some low-cost materials have been used for purifica-
tion purposes, such as the biochar obtained from agricultural
by-products for heavy metals removal (Pineda et al. 2020).
However, for rural areas it is appropriate the selection of a
system without high energy consume that contribute to the
environmental sustainability (Naddeo et al. 2013). In a previ-
ous work, a two-stage treatment system was developed for
the water treatment collected from a ravine. A first stage of
an up-flow aerated filter with ceramic carrier (sphere-type
ceramics) was followed by a down-flow filter packed with
silica sand (Pineda et al. 2021), where the selection of filter-
ing materials was in accordance with the criteria of acces-
sibility for the water purification system for the study zone.

In this study, natural occurring materials (e.g. gravel,
clay and zeolite or silica sand) were used for the design and
operation of two-pilot plants (PPs) for treatment of rainwater
collected “in-situ” in the Ecuadorian Amazon. In the study
area, the rainwater contains microorganisms of faecal origin,
even though, the stored water is usually used by inhabitants
for shower, laundry and dishwashing. So, the aim of this
study is the development and evaluation of a low cost and
easy operation system for rainwater treatment for rural areas
of development countries where the access to safe water is
desirable.

There were installed two-pilot plant systems using three
biofiltration stages with ascending and descending flow.
Also, an ultraviolet disinfection stage (UVD) was included
for the rainwater microbial disinfection. The aims of this
study were: (i) characterize the filtering materials, (ii) com-
pare the performance of the two configurated treatment sys-
tems evaluating: iron (Fe**), manganese (Mn?"), Total Coli-
forms (TC), Faecal Coliforms (FC) and Escherichia coli (E.
coli) contents, (iii) control physicochemical parameters of
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water during treatment (e.g. pH, temperature, total dissolved
solids and dissolved oxygen), and (iv) performed an estima-
tion of the economic viability of the proposed systems.

Materials and methods

The pilot plants (PPs) for water treatment were installed in
a house of inhabitants of the Andean-Amazon border, south
of Ecuador, coordinates 3° 59’ 13.1" S 79° 11' 49.3" W. In
the study location, the average rainfall is around 1058 mm
per year and it was classified as oceanic climate (Cfb cli-
mate) according to the Koppen—Geiger climate classifica-
tion system (Koppen and Geiger 1936). Then, rainwater
was available throughout the study period due to recurrent
rainfall of the area. The rainwater collection was performed
continuously within 90 days of the trial period. Rainwater
was collected “in-situ” from the asbestos cement roofs and
runoff water of courtyard of houses of indigenous people of
the zone. Traditionally, the inhabitants of the study area have
already adapted this collection system in their houses. Con-
ventionally, the existent fauna of the zone surrounds houses
so easily it can be found bird and rodents manure that change
the original quality of rainwater, accompanied by soil parti-
cles, leaves and other solids existent on the zone. The use of
a textile filter mesh during rainwater collection was proposed
as an alternative to avoid the presence of large solid particles
(e.g. soil, manure, leaves, etc.); however, it does not limit the
microbiological contamination.

The World health organization recommend a minimum
water supply requirement of 7.5 L/inhabitant/day WHO
(2017), so it was established a supply of 10 L/inhabitant/
day. A typical Amazonian Shuar rural family of 5 people
was considered for household in Ecuador. So, the daily water
requirement for this family was determined as 50 L/day.

The pilot plants were designed based on the biofiltration
principle which is optimal for reducing physical, chemical
and biological parameters in water. Being odour, colour,
taste, dissolved metals and biological pathogens the main
parameters to be controlled (CAWST 2011).

The experimental system was adapted using a dark poly-
ethylene tank (capacity of 1200 L) for rainwater storing. It
was using a peristaltic pump (Masterflex L/S, pump work-
flow range: 2.8—1700 ml/min) and a silicone duct (internal
diameter 0 6.4 mm). The flow of the influent of the rainwater
was established as 1.6+0.2 L/h equivalent to a filtration rate
0.1 m/h for both pilot systems PP1 and PP2. This system was
formed by three serial stages using polyvinyl chloride col-
umns (PVC, internal diameter 152 mm and height 100 cm)
according to the configuration depicted in Fig. 1.

According to United States Environmental Protection
Agency EPA (2018) recommendation laboratory scale
systems for water treatment should be covered of external
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Fig. 1 Pilot plant to purify rainwater at a single-family level in the rural sector, with a capacity to purify 50 L/day

agents. Then, sunlight and wind that assist the reproduction
of algae and pathogens may alter the system’s efficiency. So,
not transparent PVC columns were built and located inside
the house to protect them for external agents.

Three columns of rainwater treatment were arranged in
series for each two-pilot plant system. The first stage was
packed using crushed gravel. The second stage was packed
using ceramic spheres. The third stage was packed with
silica sand for the first plant and a natural zeolite was used
for the second pilot plant system. Finally, a last stage of
ultraviolet disinfection (UVD) was incorporated.

The efficiency of each treatment stage was related with
the prior stage, evaluating the concentration of the effluent
in comparison with the influent. It was registered informa-
tion about each stage and its contribution to the pollutant’s
removal.

First stage: gravel filter (GF)
The gravel filter system was configured downstream. It was
packed with gravel (average diameter 5 mm) with thick filter

for sieving purpose. The gravel was collected from a quarry
from the study area. The gravel filter (GV) was separated
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10 cm from the bottom of the column by using a diffusion
layer. A perforated plate was placed on supports fixed to the
column wall. This space was established to avoid deposition
of solids at the bottom and simplify the purge. The total
height of the system was 100 cm. The filter bed occupied
75 cm. It was established 5 cm of flood layer at the top the
column.

Second stage: ceramic spheres filter (CF)

The ceramic filter was configured by ascending flow. The
ceramic filter was packed with ceramic spheres (average
13 mm in diameter) obtained from a natural clay. The clay
was obtained from the geological formation 'Zamora' (coor-
dinates —4.191515, —79.280533), and it was coded as CZ.
The clay granulometry, liquid limit (LL), plastic limit (PL)
and plasticity index (PI) were determined (ASTM D 4318
2016). The clay material was pulverized and mixed with
water for clay spheres elaboration. The clay spheres were
dried at room temperature (20 + 2 °C). The spheres were cal-
cined at 850 °C for 2 h (at 5 °C/min rate) (Ajayi and Lamidi
2015; Wang et al. 2016). It was used a column configuration
similar to that of GF column. The water and atmospheric
oxygen is induced in this column once the system is running,
using oxygen at ascending flow rate of 5 L/min (35 W JAD
compressor, model ACQ-003) (Khadse et al. 2013).

Third stage: silica sand filter (SF) or natural zeolite
(ZF)

Silica sand and natural zeolite (average diameter 2 mm) were
used for the third column stage. The silica sand filter was
coupled to the pilot plant PP1 while the natural zeolite filter
was coupled to pilot plant PP2. Both columns received the
treated water from the ceramic filters CF1 and CF2, respec-
tively. The silica sand and natural zeolite filter bed occupied
75 cm. It was established 5 cm of flood layer at the top the
column to ensure the formation of the biological layer. The
effluent was temporally stored in a tank (capacity 60 L).

Ultraviolet disinfection (UVD)

A final stage of treatment was established using Ultraviolet
Disinfection (UVD) for the microbial removal from the fil-
tered water. It was used an artisanal system incorporating
a 250 nm UV lamp tube (wavelength range from 240 to
280 nm) (Masschelein 2012). The UV lamp was adapted
horizontally in pipeline (opaque PVC pipe with diameter
63 mm) and closed at both extremes. An inlet pipeline
(12 mm) and an outlet pipeline (18 mm) were coupled to
the UVD stage to ensure a continuous rainwater layer. It
was used an operation thickness of rainwater layer (1.8 cm
approximately) that requires a minimum length (40 cm

a
* @ Springer

accordingly to the UV lamp length) to assure an optimal
UV radiation reaction time (Thomas and Burgess 2013).

Characterization of the filtering materials

The chemical properties of the filter material were analysed
in a Bruker Corporation X-ray Fluorescence (XRF) equip-
ment, S1 Turbo model, Mining Light Elements measurement
method. The mineralogical composition was determined on
a D8-Advance X-ray diffractometer, Bruker Corporation
brand, with a copper tube with Ka wavelength (1.5418 IOA)
(Semiz 2017; Souza et al. 2014). The physical properties of
filter materials (e.g. granulometry, densities, specific gravity,
pore sizes, compressive strength, and Atteberg limits) were
also determined according to the ASTM D 4318 standard
(ASTM D 4318 2016).

Effluent analysis

Samples of the treated rainwater (at least six samples of
effluents) of each stage from both treatment systems were
collected every 15 days. The collected treated water sam-
ples were filtered on a 45-pm filter paper. The concentration
of iron and manganese was determined by an inductively
coupled plasma spectrometry equipment (ICP-MS, Optical
Emission Spectrometer 8000). The pH was measured using
a portable potentiometer (CRISON pH 25, CRISON Instru-
ments, Spain). The dissolved oxygen was measured using
a portable oximeter (Crison OXI 320). It was also meas-
ured the temperature and total dissolved solids (KETOTEK
TDS). The culture medium ColiBlue24 Broth MOOPMCB24
was used for bacterial growth (Total coliforms and E. Coli)
determination. This culture medium contained inhibitors that
prevent the growth of non-coliform bacteria. It was used an
incubation time of 24 h at 35 °C + 1 with pH of 7.0+ 0. The
Broth MHAOOOP2F m-FC culture medium with rosolic acid
was used for faecal coliforms determination. It was used
an incubation time of 24 h at 44.5 °C + 1 °C with a pH of
7.4+0.2 (Millipore 2018). The culture media were incu-
bated at 35 °C +0.5) for 24 h. The counting was performed
in a stereomicroscope (Stemi DV4, ZEISS, Germany) with
a magnification of 4x (0.8x/3.2x).

Results and discussion
Characterization of the filter materials

The filter materials chemical composition and mineralogical
composition is depicted in Table 1.

The gravel a silica are mainly SiO,. The specific grav-
ity of gavel was 2.9 gr/cm®. The granulometry of gravel
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Table1 Chemical and mineralogical composition of the filtering
materials

Raw clay Clay spheres Gravel Sand Zeolite

Chemical components (%)

Sio, 59.9 58.6 97.5 968 614
Al,O; 29.6 28.5 0.5 - 239
Fe,0; 43 6.2 0.3 02 04
K,0 4.6 4.0 0.2 - -
TiO, 0.7 0.8 - 0.7 -
CaO 0.1 0.2 - - -
Na,O 0.2 0.3 - - -
Mineralogical components (%)
Quartz 30.6 24.8 98 99 331
Albite - 124 - - 12
Tllite 46.2 62.8 - - -
Faujasita Ca 1.0 - - - -
Kaolinite 222 - - - -
Calcite - - - - 8.6
Biotite - - - - 4.7
Montmorillonite - - - - 59
Mordenite - - - - 46.6
Physicochemical characteristics
Specific surface 10

(m*/g)

determined a clay content of 4.9%, silt of 46.9% and sand
of 48.2%.

The clay material was mainly composed by SiO,, Al,0;
and Fe,0;. The clay with high plasticity had a specific

surface area of 10 m?/g, lower than other raw clay reported
for organic removal compounds (Dammak et al. 2013).
The diameter of the ceramic spheres was 13 mm. The
weight and the volume of the spheres were 1.9 +0.1 g and
a 1.3+0.1 cm?, respectively. The porosity of the ceramic
spheres was 35.3 +13.5%. A porosity greater than 30%
contributes to support bio-mass material, so clay spheres
are suitable for the filtration process (Yuan et al. 2013).
The density of ceramic spheres was 2.0 +0.9 gr/cm®. A
compressive strength of 2.6 + 1.2 kg/cm? and the pore size
was 7.7+ 1.9 um (max. 10 um and min. 5 um).

Quartz, Illite and Kaolinite were determined in the
raw clays as the major mineral phase. The faujasite-Ca
was detected in low content in raw clay. In the ceramic
spheres were determined albite as new mineral phase as
consequence of the calcination process (Ajayi and Lamidi
2015). The SEM analysis shows a lamellar morphology
typical of clays (Fig. 2), and it can be seen remains of
sedimentary rocks and quartz, boulders and clays.

The sand developed a specific gravity of 2.7 gr/cm®
and volumetric weight of 2.6 gr/cm>. The humidity and
porosity of sand was 1.5% and 5.0%, respectively. The
zeolite was composed by SiO,, Al,0; and Fe,0;. Quartz
and mordenite were determined as the main major mineral
phase of zeolite. The natural zeolite had a moisture reten-
tion capacity of 42.9%. The porosity and real density were
39% and 1.7 g/cm?.

cps/eV

20

T N «

Element | O C Si

Al |Fe |K Mg |Ti |Ca

Wt (%)

9.07 | 6.67 | 2.40 | 1.00 | 0.88 | 0.63

Fig.2 SEM images of raw clay
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Operation characteristics

The pilot plants operated within 90 days, and a residence
time of 3.2 h was determined for the filter bed columns.
The registered data of the temperature at each stage of pilot
plants are depicted in Fig. 3. The average temperature of all
treatment stages of the system was recorded at 18.9+ 1.5 °C.
Exceptionally, in the CFs it was recorded an average tem-
perature of 17.5+ 1.5 °C. The decrease of temperature in
the CF column was effect of the mechanical aeration which
promotes evaporation in the air—water interface. The ceramic
material also performed a thermal insulator function. Some-
times, the decrease of the effluent temperature has been asso-
ciated with a decrease of microbial enzymes which affects
the oxidation and decomposition of contaminants. In this
study, a slight variation of temperature was determined but
it was not associated an efficiency reduction as consequence.
It has been also reported in previous works the increase of
viscosity with the temperature decreasing, promotes the defi-
cit in the sedimentation of particles and then a reduction in
the removal of contaminants (Tekerlekopoulou et al. 2013);
but due to the slight variation of temperature in the different
stages this effect was not perceptible.

Rainwater is stagnated so it is necessary the aeration.
Atmospheric oxygen is induced in the CF column to increase
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Fig.3 Temperature data trend during 90-day trial period
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the dissolved oxygen (DO) concentration in water (Khadse
et al. 2013). The registered data of the dissolved oxygen
content at each stage of pilot plants are depicted in Fig. 4.
The increase of dissolved oxygen content will provide the
optimal conditions to the filter to promote the growth of
microorganisms on the surface of clays spheres. The forma-
tion of this biofilm improved the water purification action
of the filter due to the biodegradation of pollutants (Qian
et al. 2021). The DO content of treated water increased
since the CFs stage and it was remained until at the UVD
system outlet. Then, a slight increase of temperature (5%
approximately) occurred and the DO content reduced 20%
approximately within the trial period. The reduction of DO
sometimes has been associated with the saturation of the
system as effect of the time of use (WHO 2017). However, a
good Fe** and Mn?* and microbial removal was performed
by the PPs as it will be discussed in the following sections.

The registered data of the pH values at each stage of pilot
plants are depicted in Fig. 5. The pH value of the effluent of
the pilot systems is used in this study in an acceptable range
(7-8), which is between the minimum and maximum per-
missible limit (6.5-8.5) for drinking water (NTE INEN 1108
2014). It has been also reported that pH of water between pH
6-9 is suitable for growth and operation of biofilms (Patil
etal. 2011).
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Fig.4 Registered DO values of influent and treated rainwater at each stage of treatment of both PP1 and PP2 over the 90-day trial period
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Fig.5 Registered pH values of influent and treated rainwater at each stage of treatment of both PP1 and PP2 over the 90-day trial period

The registered data of the total dissolved solids (TDS)
at each stage of pilot plants are depicted in Fig. 6. The
total dissolved solids (TDS) content of water in the influ-
ent is ~ 7% lower than the effluent from UVD stage within
30 days of continuous functioning. The release of some
solids from the filtering material occurred during the pilot
plants operation. However, after 30 days of operation it can
be seen the increase of TDS of rainwater influent and efflu-
ent of each stage. Nevertheless, the TDS content is lower
than 1000 mg/L which is the maximum permissible value,
so it will not developed a unpleasant taste of water for the
consumer (NTE INEN 1108 2014; WHO 2017), since TDS
is a parameter of water quality that describes the inorganic
salts present in solution in water.

Removal of Fe** and Mn?* in rainwater

The collected rainwater comes mostly from the roof of
the houses and from surface runoff. After carrying out a
characterization of the collected rainwater, the presence
of iron and manganese was verified as the most relevant
physical-chemical pollutants. Hence, iron is of the most
important element of soils from the Ecuadorian Amazon
region whose mobility and dynamic depends on the several
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factors (e.g. pH, altitude, etc.). In this study, we believe the
action of the wind that carries solid particles that settle on
the roof surface affect the original rainwater composition.
The presence of excessive iron and manganese in rainwater
originated in natural minerals from the soil and dissolved in
rainwater has been reported in previous works (Aziz et al.
2020; Ebraheim et al. 2021).

The World Health Organization WHO (2017) has estab-
lished the permissible contents for Fe** at 0.3 mg/L and for
Mn?** at 0.2 mg/L. In Fig. 7a, b, it was depicted the reduc-
tion of Fe?* and Mn>* content, respectively, at each stage of
the treatment systems. It was compared with the maximum
permissible limits for human consumption. The Fe** and
Mn?* content of the influent was compared with the effluent
of each stage of filtration.

Pilot plant PP1 removes Fe** until up to 79% in the first
15 days, but the efficiency decreased to 68% at 90 days. The
pilot plant PP2 removed 87% Fe®* within 15 days, but the
efficiency decreased to 68% at 90 days. Then PP2 efficiency
was higher than PP1. The Fe?>*removal efficiency of by
filter columns in the PP1 was in the following order: (CF
~ 58+5%)>(SF =~ 28 +6%) > (GF ~ 14 +4%)> (UVDI
~ 3+ 1%) and for the PP2: (CF ~ 58 +6%)> (ZF ~
43+5%)>(GF ~ 15+£4%)>(UVD1 = 2+ 1%).
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Fig.6 Registered total dissolved solids content of influent and treated rainwater at each stage of treatment of both PP1 and PP2 over the 90-day

trial period
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Fig.7 Removal of Fe** and Mn?* over the 90-day trial period. a Removal of Fe?* b Removal of Mn?*

The removal of Mn?* in the PP1 was 73% and 51% at
15 and 90 days, respectively. The removal of Mn?*in the
PP2 within the 15 days was 82% and 52% at 90 days. The
efficiency of Mn** removal in the columns of the PP1 was in
the following order: (CF ~ 48 +5%) > (SF =~ 24 +5%) > (GF
~ 8+ 1%)>(UVDI =~ 3+ 1%) and for the PP2: (CF ~
48 +4%)> (ZF =~ 38 +5%) > (GF =11+3%)>(UVDI1 »
4+2%).

The removal of iron and manganese from rainwa-
ter using conventional adsorbents is attributed to some

* @ Springer

adsorption mechanisms of the filter bed (e.g. filtration,
chemical and microbiological activity). At the beginning,
the GF1 and GF2 columns reduce the Fe’* and Mn>* con-
centration but not below the maximum limits. After the
second (CF) and the third (SF and ZF), it was accom-
plished the Fe?* and Mn** removal below the permissible
limits. Particularly, the iron and manganese adsorption by
zeolite and clays is promoted by ion exchange, electro-
static attraction considering the negative charge of their
surfaces. Then, both zeolite and clay are commonly used
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for the removal of heavy metals and organic compounds,
as well as being a medium for bacterial activity enhance-
ment (Akhigbe et al. 2016) (Anbukumar and Kumar 2014).

The highest Fe>* and Mn** removal was provided by
CFs which is attributed to the oxygen provided to the col-
umn. Then, the higher dissolved oxygen and also the pH
level over 7 during the system operation promote the Fe>*
and Mn>* oxidation to the insoluble forms of Fe** and
Mn**. Then iron and manganese forms were adsorbed
on the clay surface filter (Aziz et al. 2020). The insolu-
ble Fe’* and Mn** forms in the influent were efficiently
removed by ZFs columns due to the adsorption to the zeo-
lite surface. Particularly, the Fe>* oxide form allow the for-
mation of some iron complexes which are suspended and
eliminated by biofiltration. It has been reported in previous
work using a ceramic filter with efficiency higher than 50%
allowing the removal of Fe?* cations (Tekerlekopoulou
et al. 2013; y Zereffa and Bekalo 2017).

Clays and zeolites also make viable the elimination of
contaminants existent in water by ion exchange mecha-
nism between iron and manganese and the available cati-
ons existent in the minerals structure (Dashti et al. 2021).
The negative charged surface of zeolite and clay can attract
the positive charge of metal particles from water (Givehchi
et al. 2015) which is an additional mechanism of metal
ions removal. Then, the residence time of 3 h contributes
for a higher removal due to the intimal contact between
filter medium and the water flow (Baraee et al. 2016).

The slight removal found in the UVD stage may be
promoted by the limited precipitation of the oxidized
Fe*, coming from the previous stages, into the insoluble
Fe(OH);. Even though, the presence of Fe(OH); content
in the effluent was not verified in this study. However,
a previous report about the use of an UV-ozone reactor
for wastewater treatment determined an oxidation—pre-
cipitation mechanism for soluble iron (Fe>*) allowing the
nucleation and growth of Fe(OH); (Hanela et al. 2015).

The high error values reported in this study may be
influenced by variations of some variables such as: oxygen
flow provided to the ceramic filters, changes occurring
during biofilm formation and the effect of the calibration
(in-situ) of the water treatment system. Also, rainwater
has variable composition since it was collected during the
90 days from the roof and runoff water of courtyard of
house of the study area. The management of rainwater is
critical due to several factors that determine their quality.
Even in urban areas, there are many conditions that have
limited the development of effective solutions for rainwa-
ter management (Zubala and Patro 2021). In rural areas,
the case of the study area is difficult to control the collec-
tion conditions since some cultural and structural factors
limit the improvement of inhabitant practices.

Removal of microbial pollutants

The existing fauna surround the houses of the inhabitants
of the study area. So, birds and rodents’ manure is com-
monly found in roof and courtyards of these houses, then
the collected rainwater contains microorganisms of faecal
origin that change the original quality of rainwater. It is a
traditional practice of inhabitants the rainwater collection
and consumption without having a treatment. After carrying
out a characterization of the collected rainwater, the pres-
ence of total coliforms, faecal coliforms and Escherichia coli
was verified as the most relevant microbiological pollutants.

The efficiency of total coliforms (TC), faecal coliforms
(FC) and Escherichia Coli (E. coli) removal was determined
at each stage of the treatment system as it is depicted in
Fig. 8a, b and c. The efficiency of E. coli removal by column
filters following this order: UVD >ZF > SF> CF > GF. Pilot
plant PP1 removes TC until up to 69% in the first 15 days,
but the efficiency decreased gradually until it was removed
49% at 90 days. The pilot plant PP2 removed 70% and
51% of TC at 15 and 90 days, respectively. The PP2 devel-
oped the best efficiency for TC removal. The TC removal
efficiency of by filter columns in the PP1 was in the fol-
lowing order: (UVD1 = 57+9%) > (SF ~ 46 +4%) > (CF
~ 49+ 5%) > (GF =~ 10+2%) and for the PP2: (UVD2 ~
63+7%)>(ZF ~ 61 +2%)>(CF ~ 47+3%)> (GF »~
11+1%).

The removal of FC in the PP1 was 93% and 57% at
15 and 90 days, respectively. The removal of FC in the
PP2 within the 45 days was 100% and then the efficiency
decreases at 50% at 90 days. The efficiency of FC removal in
the columns of the PP1 was in the following order: (UVD1
~ 81+15%)>(SF ~ 20+5%)> (CF ~ 23+3%)>(GF
~ 13+5%) and for PP2: (UVD2 ~ 85+20%)> (ZF ~
46 +8%)> (CF ~ 24+3%)> (GF = 15+ 6%).

The E. coli removal was efficient in both pilot plant
PP1 and PP2. The PP1 reduced the 100% of E. coli within
45 days. After 90 days, the efficiency decreased reaching a
38% of E. coli removal. The PP2 also eliminated the 100% of
E. coli within 60 days but later it was reduced at 50% within
90 days. The efficiency of E. coli removal in the columns
in PP1 was (UVD1 = 77+29%)> (SF =~ 29+ 5%) > (CF
~ 34+7%)>(GF =~ 22+ 5%) and for the PP2 (UVD2 =~
85+24%)> (ZF =~ 47+8%)> (CF ~ 39+7.4%) > (GF =~
23+9%).

The efficiency of the CFs column packed with ceramic
spheres was due to the physical and mineralogical proper-
ties of raw clays. The main advantage using ceramic spheres
is the porosity which is required for microscopic particles
removal. The microscopic particles are originated from some
physical processes like obstructions and inertia (Zereffa and
Bekalo 2017). Raw clays promote the adsorption and inacti-
vation of microorganisms. It has been reported that certain
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«Fig.8 Trends in the removal behaviour of TC, FC and E. coli, over
a period of 90 days, average removal and efficiency percentages of
filter materials and UVD. a CT removal; b FC removal and ¢ E. coli
removal

clay minerals act as bactericidal agents that remove bacteria
from the water. A typical raw clays used with this purposes
are the illite (K, H;0) (Al, Mg, Fe), (Si, Al) ,0,, [(OH),,
(H,0)] (Kleyi et al. 2016; Unuabonah et al. 2018; Wang
et al. 2017). Also, in raw clays, the quartz which is a tecto-
silicate improves the surface area for the ceramic material.

The content of silica, aluminium and ferric oxides in the
raw clay promoted a bactericidal environment. As it has been
reported, those compounds reduced the content of viruses,
bacteria and protozoa (Asadishad et al. 2013; Brown and
Sobsey 2009; Levett et al. 2018; London et al. 2017; Mor-
rison et al. 2016). The raw clay CZ was transformed into
ceramic spheres. The content of Al,O; of ceramic spheres
allowed an efficiently TC, FC and E. coli removal. The dis-
solution of the mineralogical phases of the clays and the sol-
ubility of the mineralogical phases depend of specific system
conditions (e.g. pH, Eh, etc.) also were reported to enhance
the microbial disinfection (London et al. 2017; Morrison
et al. 2016). The main elements of the raw clays are Al K,
Mg, Fe, Na, Ca and Si, which can be transferred to the cell
membrane of TC, FC and E. coli. Then, some complexation
reactions may occur on the surface of the bacteria (Williams
etal. 2011).

Also, TC, FC and E. coli could be removed by mechani-
cal entrapment and some biological mechanisms that gen-
erate the superficial layer of the column. It is well known
that some bacteria are trapped in the deepest bed of the col-
umn. This phenomenon has been reported to occur in slow
sand filters with a 95% of removal of bacteria and viruses.
The formation of a surface layer cake promotes the high
efficiency removal of conventionally filtering materials
(e.g. sand, clays, zeolites, etc.). This surface layer named:
“schmutzedecke" is formed by living and dead material
(Manz and Eng 2012; Mwabi et al. 2012). Then, it is neces-
sary a flood layer of 50 mm to keep the biological layer or
schmutzedecke alive. The schmutzedecke requires a continu-
ous flood aquatic environment at constant flow and oxygen-
ated (Lea 2014; Zhao et al. 2019). Lower thickness layer
may affect the diffusion of oxygen and weaken the biological
zone formed above the sand bed. Also, lower thickness layer
disturbs the stability of the biolayer which produces a turbu-
lence and detachment of the material. Also, other purifica-
tion mechanisms such as predation, elimination, desorption
and biooxidation are also presented for biological treatment
(Haig et al. 2011). Even though, in this study we do not have
evidence of the formation of this biofilm. The operational
conditions used (e.g. aeration, low flow rate, flood layer at

the top the column, etc.) have been established in order to
allow the biological layer formation and operation.

The efficiency of the UVD system is due to the UV light.
The UV light penetrates the cell wall of microorganisms
and the radiation is adsorbed by the genetic material (DNA
or RNA). Then, the ability of microorganisms to survive is
damaged. So, the inactivation of microorganisms (inability
to replicate) or cell death occurred (EPA 2002, 2014). The
efficiency of the UVD system also depends on the character-
istics of the water to be disinfected. The turbidity, suspended
solids and colour influenced the disinfection process. Moreo-
ver, the UVD system with low pressure UV lamps lose their
effectiveness in effluents with high suspended solids concen-
trations (> 30 mg/L). The microorganism that reveal faecal
contamination (e.g. E. Coli) are able to reactivate in both
light and darkness environment, after being inactivated by
UV light (Bohrerova et al. 2015). In general, bacteria could
reactivate after a UV disinfection process.

The main problem is the presence of contaminants that
pollute lamps and reduce the intensity affecting the absorb-
ance or transmittance. Some other factors may disturb the
lamps functioning (e.g. time of use, dirt coating, water par-
ticles evaporation, water hardness, alkalinity, lamp temper-
ature, pH, colour, turbidity, total suspended solids greater
than 30 mg/L, microorganisms, and the concentration of Fe,
Mn and Ca) (Asano 2015).

It has been reported that UVD system efficiency depends
on the operational conditions of the system (e.g. turbidity,
pH, pollutants content) (Cidecalli-Cp 2007). It could explain
the results obtaining in our UVD stage for TC, FC and E.
coli removal from the day 60 where the efficiency reduced
may be due to the higher TDS and lower DO.

Besides, the pilot plant system operated in this study
needs maintenance once it reached 45 days of functioning.
Then, a backwash in the GFs and CFs was necessary to per-
formed. Also, the removal of the surface sand layer from SF
and ZF filters was performed. In the UVD system, the UV
lamp tube was removed to clean the surface from dirt and
water particles.

The production cost of the ceramic spheres was 0.45 cents
per kilogram. So, it was estimated a cost of 1.80 USD to fill
the entire column. The cost of gravel, sand and zeolite is
0.25 USD per kilogram that are collected in the area. There-
fore, the cost of 1.25 USD was estimated for each one of the
sand and zeolite columns. The cost of assemblage of the
pilot system is 70.30 USD which includes the filling mate-
rial for the three columns. The peristaltic pump cost is not
considered. So, once the system is installed on site it will
work by gravity. It is estimated that the pilot system will
have 30 years of useful life because it was built with PVC
materials. If it is necessary, the air pump can be replaced
once a year with a cost of 4.75 USD per unit. Finally, a UV
lamp costs 20 USD with 10,000 h of functioning. In rural

* @ Springer
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Table 2 Comparison of treatment systems used for water decontamination purposes

Type of water Pollutants System

Results References

Rainwater

filter

Fe**, Mn>*, TC, FC, E. coli Pilot plant scale
1st stage: gravel filter
2nd stage: clay sphere filter
3rd stage: sand or zeolite

Removal: 80% Fe?*, 86%
Mn?*, 100% TC, 100%
FC and 100% in 45 days
of operation without
maintenance

This study

4th stage: UV disinfection

Aqueous environment Pb**, Cu?t and Zn**

Rainwater harvesting NO,™, TP, PO43’, K* and
system ClI™

Groundwater Fe?* and Mn?*

Natural zeolite

Limestone filter assisted
with iron oxidized bacte-

Zeolites are potential adsor- Dashti et al. (2021)
bents for metal ions

Rainwater is loaded by
heavy metals, aromatic
hydrocarbons with high
ability to accumulate

Removal: 82% Fe**, 84%
Mn2*

Zubala and Patro (2021)

Aziz et al. (2020)

ria at laboratory scale

Rainwater COD, Fe, Mn, Zn, Cd, Pb

Photo-electric-catalytic
(PEC) process Ti/TiO2
NTs anode

Photo-oxidation of Fe, Pb
and Mn, and precipitation
for Cd, Pb, Zn

Ebraheim et al. (2021)

homes of Amazon have electric power, so the incorporation
of these treatment pilot systems is viable. Also, the rainwater
treatment system of this study may be an interesting alterna-
tive for implementing in rural areas of developing countries
where there is no access to safe water sources.

Once, we have widely discussed the results of our study;
now we analysed these results in comparison with some
other which are related to this field, according to the descrip-
tion of Table 2.

This study is performed in pilot plant scale in comparison
with other that are performed at laboratory or computational
scale; however, in most of them there is a good efficiency for
the removal of heavy metal included Fe** and Mn?*. In fact,
it is not possible to compare meticulously studies because
each one is performed in different operational conditions.
Conversely our system reached similar removal efficiencies
to those one obtained by the limestone filter assisted with
iron oxidized bacteria at laboratory scale. Both, iron and
manganese metal cations removal was efficiently performed
due to the optimal configuration used in this study. Besides,
the microbial (e.g. TC, FC and E. coli) also was performed
providing a good quality water according to the permissible
limit for drinking water standard.

Conclusion

In this study, it has been evaluated within 90 days two-pilot
plants assembled using natural filtering materials for rain-
water treatment. The collected rainwater characterization
determined iron (Fe*"), manganese (Mn*"), total coliforms
(TC), faecal coliforms (FC) and Escherichia coli (E. coli) as
the main chemical and microbiological pollutants. The pilot

]
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plants consist of a first stage packing with crushed gravel.
The second stage was packed using ceramic spheres. The
third stage was packed using silica sand in the first pilot
plant configuration and natural zeolite for the second one.
Al last, it was incorporated a stage of ultraviolet disinfec-
tion (UVD for microbiological treatment. The sphere clay
column was a strategic filter stage which allows the highest
removal of pollutants on both configuration systems (PP1
and PP2). The configuration of the pilot plan system PP2,
containing zeolite in the third stage, contributes to higher
Fe?* (42%) and Mn** (43%) removal in comparison with
this stage in PP1, reaching contents below the permissible
limits within the 45 days of operation. The configuration PP2
also provided higher microbial disinfection rates in compari-
son to PP1, where the UVD stage reached the removal of
TC (63%), FC (85%), E. coli (85%) within 45 days. Then,
maintenance of water treatment systems was performed after
45 days of continuous operation. The backwash and cleaning
of the gravel, clays spheres, sand and zeolite filters were per-
formed along with the cleaning of UV lamp tube. Then the
water treatment systems of this study can be implemented
in rural areas of developing countries with no access to safe
water. The availability, low cost and quickly assembling of
the filtering materials is a feasible alternative for treatment
purposes. Besides, the easy operation and maintenance of
this treatment systems do not require complex training for
inhabitants to ensure continuous water supply.
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