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Abstract

Household slow sand filters (HSSFs) improve the quality of life in rural communities as
they provide safe water. However, HSSFs require time for the growth of the biological
layer (schmutzdecke) to achieve maximum performance, especially when groundwater
is used as it normally has few nutrients. In this ripening period, pathogenic
microorganisms can pass through the filter. In this context, this study reports the
performance of two HSSF settings, intermittent (I-HSSF) and continuous (C-HSSF)
flows followed by disinfection with sodium hypochlorite to treat groundwater with
Escherichia coli, Giardia muris cysts and Cryptosporidium parvum oocysts. The
weekly introduction of river water was tested as a filter-ripening agent and this
procedure reduced the ripening time in approximately 80 days. Filtered water
disinfection improved the water quality and inactivated protozoa. The costs and
operational challenges addressed in this study can provide support to HSSF technology

transfer in rural communities worldwide.
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1. Introduction

Almost a fifth of the world's population does not have access to water supply
services, mainly in rural areas and suburban regions (Pinderhughes, 2004). Untreated
groundwater catchment for consumption is common in these areas. Precarious
conditions of use and conservation of wells can contaminate drinking water, causing
health problems to the supplied community. Water treatments in a household level are
essential to ensure human rights to safe water established by the United Nations (UN)
(UNGA, 2015).

Consumption of contaminated water usually leads to diarrhoea that can cause
approximately 485,000 deaths per year in low- to medium- income countries (WHO,
2019). Diarrhoea and pneumonia are the two main causes of infant mortality (WHO,
2013). The presence of pathogens (i.e. protozoa, bacteria and viruses) in drinking water
is a health risk, especially regarding the adverse events caused by climate changes,
which represent a threat from outbreaks of infectious diseases transmitted by water
(Efstratiou et al., 2017). Protozoa, more specifically Giardia spp. and Cryptosporidium
spp., are responsible for gastrointestinal diseases with outbreaks recorded in several
locations worldwide. Efstratiou et al. (2017) observed 82% of the documented outbreaks
between 2011 and 2016, reporting water supply system problems as the transmission
route.

According to Jadhav et al. (2015), a household water treatment system can
reduce the risk of waterborne disease transmission, as well as best practices, such as

water source protection and safe storage. Household water treatment should be
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accessible to anyone, easy to operate and maintain, as well as culturally accepted. Das et
al. (2015) reported the difficulty of breaking habits and convincing communities to
accept interventions for groundwater treatment when untreated water appears visually
clear. Among the efforts for developing technologies adapted to local contexts is the so-
called Point-of-Use (POU) (Sobsey et al., 2008) or Household Water Treatment and
Safe Storage (HWTS) (Eawag and Sandec, 2008).

In the 1990s, David Manz adapted the conventional slow sand filter for
household level and intermittent flow, which resulted in the Household Slow Sand Filter
(HSSF). This technology has been spread by several organizations and over 300,000
HSSFs have been installed in more than 69 countries (CAWST, 2012).

HSSF consists of combining physical and biological processes. According to
Jadhav et al. (2015), physical mechanisms include the retention of larger particles in the
pores of the filter medium and adsorption, which enable organic removal, whereas the
biological mechanisms include predation, elimination, natural death/inactivation, and
partial reduction of organic carbon due to the microorganism metabolism. Therefore,
HSSF treats water by combining physical processes with biological activity present on
the sand filter surface (schmutzdecke). Nevertheless, achieving optimum technology
performance requires a ripening period for the biological layer growth, especially when
groundwater is used. In general, groundwater has few nutrients when compared to
surface water (Maciel and Sabogal-Paz, 2020). During the ripening time, the treatment
efficiency is reduced, thus increasing the risk of pathogens passing through the pores of
the filter media. Speeding up of the ripening period in HSSF to treat groundwater is
essential for safe water supply. However, ripening poses as a challenge, especially
considering simple solutions adapted to isolated communities in developing countries

(Calixto et al., 2020). According to Bradley et al. (2011), HSSF can significantly
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increase the ripening time (i.e. up to 200 days), when groundwater is treated. It should
be noted that the HSSF performance changes due to filter cleaning as biological layer
growth is required. Thus, filtered water must be disinfected for both the ripening period
and complete maturing.

Studies have aimed at optimizing HSSF performance, introducing biomass in the
filter layer (Baig et al., 2011; Zhang et al., 2016; Calixto et al., 2020) or iron oxide
(Tellen et al., 2010; Bradley et al., 2011; Ahammed and Davra, 2011). Comparisons are
also made between different flows e.g. continuous and intermittent (Young-Rojanschi
and Madramootoo, 2014; Maciel and Sabogal-Paz, 2020; Sabogal-Paz et al 2020) and
the structure of the filter body in different materials, such as concrete and plastic
(Stauber et al., 2012; Arnold, 2015).

It is important to highlight that stored filtered water can be contaminated due to
hygiene habits and the type of storage used by the user, as observed by Duke et al.
(2006), therefore, disinfection of drinking water is required. Specifically in household
disinfection with chlorine, up to 6 log of bacteria or viruses and up to 5 log of some
protozoa can be removed, as long as the water turbidity remains below 1.0 uT (WHO
2017). WHO (2019) highlights the importance of specific chlorine dosage in water for
each location based on the chlorine demand in the water to be treated and also
monitoring to ensure the maintenance of free chlorine concentrations between 0.2 and
0.5mg.L™.

Chlorination with sodium hypochlorite is commonly used for water disinfection;
however, this technology generates by-products and is not always accepted by isolated
communities due to changes in both taste and odour of water (Schmidt and Cairncross,
2009). This is often aggravated when chlorine is incorrectly applied (i.e. excessive

dosage) by the population.
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Boiling water is a common technique in rural communities to obtain safe water
(Clasen et al., 2008); however, the volume of treated water is limited (< 5.0 L.day™) and
energy consumption (gas, electricity and wood) can be considerable and even
economically unfeasible. In this context, HSSF followed by chlorination may be more
practical than boiling filtered water. Moreover, chlorinated water remains safe for a
longer time.

Considering this background, this study evaluated the performance of two
models of HSSFs in full scale and in duplicate (two filters in continuous flow and two
filters in intermittent flow) for the treatment of groundwater containing high
concentrations of E. coli, G. muris cysts and C. parvum oocysts (situation that can
happen, for example, by leaking septic tanks). Two operation phases were evaluated
with and without ripening agents (river water) to speed up the HSSF ripening. Ripening
consisted of a controlled introduction of river water to the filters for providing nutrients
and improved conditions for developing the biological layer in a short time. The
ripening agent was selected because it can be easily accessible in rural areas; thus, river
water emerged as a possible solution for an exploratory study. When groundwater is
used for supply and HSSF as a treatment, rapid biological layer ripening of the filter is
essential in order to reduce the microbiological risk of the effluent. In our study, filtered
water was disinfected with sodium hypochlorite daily and the microbiological quality
was evaluated before and after chlorination. The costs and operational challenges of
assembling, using and maintaining the HSSFs were analysed in terms of facilitating

technology transfer in rural communities in developing countries.

2. Materials and methods
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Four HSSFs were tested (two in continuous flow and two in intermittent flow, in
duplicate) as an improved version of the HSSFs investigated by Terin and Sabogal-Paz
(2019), including the disinfection system of filtered water using sodium hypochlorite.
HSSF had a daily production of 48 L each. HSSFs were tested with and without a
ripening agent (river water) for biological layer maturation. Research steps are

described in Table 1.

Table 1. Research stages

Stage Description

1 HSSF construction

2 Characterization of HSSFs with tracer tests
HSSF operation:

3 - First phase: without ripening agent
- Cleaning
- Second phase: with ripening agent (river water)
Analysis of results

4 - Statistical analysis

- Analysis of operational challenges of the proposed treatment

2.1 Stage 1 - Construction
Modified Polyvinylchloride (MPVC) pipe used in water supply networks, with a
nominal diameter of 250 mm, was used to form the HSSF body. PVC pipes and
fittings were used to complete the filter structure. The filtering surface was covered
with a non-woven synthetic blanket (100% polyester of 2.8 mm thickness). A drawing
of the prototypes in continuous (C-HSSF1 and C-HSSF2) and intermittent (I-HSSF3

and I-HSSF4) flows is shown in Figure 1.
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Figure 1. HSSFs in continuous and intermittent flows

Filtering material was obtained from construction local stores, washed with well
water, dried in the sun and sieved, as recommended by CAWST (2012).
Granulometric tests were applied according to Brazilian standard NBR-11799 (ABNT,
2016). A support layer consisted of 7.5 cm of coarse gravel (12 - 15 mm; 2.6 g.cm™
density and 41 % porosity), 5 cm of fine gravel (5 - 8 mm; 2.7 g.cm™ density and 44 %
porosity) and 5 cm of coarse sand (1.5 - 3 mm; 2.6 g.cm™ density and 45 % porosity).
The upper layer consisted of 50 cm of fine sand (0.075 - 1.0 mm; D1o = 0.19 mm; UC
=2.08; 0.16% < 0.1 mm; 2.7 g.cm™ density and 37 % porosity).

C-HSSFs and I-HSSFs were operated at filtration rates of 0.91 m®.m?.day* and

between 0 to 8.64 m®.m?2.day?, respectively. In order to estimate the total volume of
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water stored in the filter, the sum of the stationary water volume (in the upper layer of
the filter medium) was added with the void volume of the filter layers and the internal
volume of the filtered water outlet pipe. The volume of the layers multiplied by the
porosity of the respective materials was considered when calculating the void volume.
After assembling, each empty prototype was weighed. The estimated weight of
the filled HSSF was obtained considering the specific masses, volumes and porosities of
the filtering material. Material costs used in the filters were calculated according to

three different budgets in Séo Paulo State (Brazil) in January 2020.

2.2 Stage 2 — Characterization

After assembling the filters, tracer tests were conducted to analyse the flow of
each prototype. A 100 mg.L™ sodium chloride (NaCl) solution was used as a tracer and
the conductivity of the filtered water was recorded by the Logger Lite program (Vernier
Sofware & Technology, USA). The tests were performed in triplicate for each filter.

In the I-HSSF tests, two 16 L feeds of the salt solution were added, followed by
two batches of the same volume with water from the well to remove the whole tracer.
The tracer versus filtrate volume curves were obtained as in Elliott et al. (2008) and
Bradley et al. (2011). Moreover, the Morrill dispersion index (MDI) and modified
Morrill dispersion index (MMDI) proposed by Lynn et al. (2013) were calculated.

In the C-HSSFs, NaCl solution fed the filter and the recording of the tracer
concentration in the filtered water over time enabled the analysis of the degree model,
according to Levenspiel (1999). Data were normalized by curve F and derived (curve E)
by Origin 8.6 software (OriginLab, EUA). Likewise, the residence time, the correlation

of the results, the N-continuous stirred tank reactors (N-CSTRs) and the analysis of the
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experimental curves for the distribution of hydraulic retention time with the

uniparametric theoretical models (small and large dispersion) were also calculated.

2.3 Stage 3 — Operation

The 4 HSSFs were fed over 374 days, which were divided into two phases. The
first operation phase comprehended the first 246 days and the filters were fed only with
studied water. The HSSFs were cleaned and the operation was restarted. The second
phase lasted 128 days and included accelerating the growth of the biological layer by
replacing the studied water weekly with river water. River water was used as a ripening
agent and the equivalent of one void volume was introduced into the filter.

Studied water was a mixture of well water and Escherichia coli (ATCC 11229).
A lyophilized E. coli strain was activated, replicated and cultivated periodically in
nutrient medium (70122 Nutrient Broth N ° 1 Sigma-Aldrich®) for an approximately
103 UFC.100mL* daily inoculation in the studied water.

A mixture of 200 L of studied water (well water and E. coli) was prepared daily.
100 L studied water was pumped into an elevated reservoir to supply the two C-HSSFs
and the remaining water was reserved for manual feeds of the two I-HSSFs. A needle
valve corrected the filtered water flow in the I-HSSFs and these filters were fed 16 L
three times a day (i.e. a 14-hour break and two 5-hour breaks), filling the bucket
installed on top of each filter (Figure 1).

Temperature, filtration rate, turbidity, dissolved oxygen (DO), pH and total
organic carbon (TOC) were analysed according to the methodologies of APHA et al.
(2012). Microbiological analyses of E. coli were performed by the membrane filtration

technique with growth in Chromocult® Coliform Agar (Merck KGaA).
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A disinfection system was joined to the filtered water outlet by a 50 L reservoir
and a 2 % sodium hypochlorite solution was dosed towards maintaining 0.5 mg.L™ of
residual chlorine daily. The free chlorine concentration was measured using the chlorine
reagent kit (HACH-TM, 2105569-BR).

After the first phase, the 4 HSSFs were cleaned to match the conditions for the
beginning of the new operation (i.e. without schmutzdecke) and the procedure was: i)
the non-woven blanket was scraped and the top layer of the sand bed was removed,
washed and relocated; ii) the HSSFs were filled with sodium hypochlorite (4.0 mg.L™)
and kept in 2 days of contact time; and iii) chlorine was removed by introducing well
water for 7 consecutive days.

In the second phase, river water (Espraiado River, S&do Carlos/SP, Brazil) was
introduced to the filters weekly to facilitate the formation of the schmutzdecke. Due to
possible peaks of turbidity in the river water, a pre-treatment, including sedimentation
for 24 h and a passage of river water through a non-woven blanket (100% polyester and
2.8 mm thickness) were applied. This pre-treated river water replaced 16 L of the
studied water in each HSSF weekly (i.e. volume corresponding to approximately once
the void volume).

Ten days before the end of the first phase, Giardia muris cysts and
Cryptosporidium parvum oocysts were inoculated daily directly into the stationary zone
of the HSSFs (i.e. liquid over the fine sand top). Protozoa suspensions were purchased
from Waterborne™ (USA). Prior inoculation, a 5 pL aliquot of each suspension was
evaluated under a microscope (BX51, Olympus®) in triplicate to know the number of
(oo)cysts to inoculate approximately 500 (oo)cysts per each HSSF.

A sample concentration was performed by membrane filtration for protozoa

detection in filtered water, according to a protocol described in Franco et al. (2016). In

10
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this case, samples passed through a membrane of mixed cellulose esters (3 wm porosity
and diameter 47 mm), which were scraped with Tween 80 (0.1 % heated to 45° C).
Collected content from the membrane was centrifuged at 1500xg for 15 min. Next, the
supernatant was discarded, leaving 0.5 mL; the pellet was resuspended, 50 pL aliquot of
the resuspended pellet (0.5 mL) was prepared on microscopic slides, and consequently a
multiplication factor of 10 for each (0oo)cyst detected was applied. Slides were evaluated
using a commercial kit (Merifluor®, Meridian Bioscience, USA) with an addition of
4',6-diamino-2-phenyl-indole (DAPI) (Fluoroshield™ Sigma-Aldrich®) and propidium
iodide (PI) (Sigma-Aldrich®). The (0o)cysts were counted by fluorescence microscopy
(BX51, Olympus® microscope) combined with confirmatory tests in DAPI and
differential interferential contrast (DIC).

An analytical quality assay validated the protozoa detection method when
evaluating the target organisms’ recoveries, according to USEPA (2012). Four 1 L
filtered water samples were inoculated with a known number of (0o)cysts using an
AccuSpyke® kit (WaterborneTM, USA), and a blank test. Recovery percentages were
calculated by the proportion between the quantified organisms and those present in the
sample.

Protozoa inoculation and reduction efficiency in HSSF started on the last days of
the first phase (ripe filter and in better operating conditions) and during the whole
second phase. Protozoa inactivation by chlorine disinfection was evaluated in the last
two months of HSSF operation in the second phase.

The (0o)cyst viability was estimated according to the permeability of the
parasite membrane using PI as vital dye. In each test, the filtered water produced in one
day by each filter (48L) was divided into two equal parts (24 L) and one of them

received chlorine dosage to assess the disinfection performance in relation to parasite

11
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inactivation. The 24 L without chlorine evaluated the HSSF performance in
removing/inactivating (oo)cysts. After that, the protozoa detection method was applied
to both 24 L samples above and positive (oo)cysts for Pl (stained) and negative

(oo)cysts for PI (unstained) were counted.

2.4 Applied statistics
HSSF performance was statistically analysed by the PAST program

(Palaeontological Statistics, manufactured by Hammer et al. 2001) and the normality of
the data checked by Shapiro-Wilk test with 95 % confidence interval. When the data
were non-parametric, the C-HSSF and 1-HSSF efficiencies and the comparison between
the disinfected filtered water were compared using the Mann-Whitney non-parametric
test. Bivariate analysis checked the correlation between E. coli reduction efficiency in
filtered water for different operation phases with temperature. To do this, the Spearman
correlation coefficient (for non-parametric analyses) was used with 95% confidence

interval.

3. Results and Discussion

3.1 HSSF construction
The construction of the filter included cutting, chamfering, drilling and sealing
the parts. A plumber or a bricklayer normally uses tools and skills needed to build a
filter. It should be noted that the HSSF version reported by Smith (2013) required skills
in cutting and folding the material used, therefore communities must have professionals

who are experts in making the proposed prototype.

12
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The HSSF body weight was 13 kg and it reached 92 kg when filter media was
introduced. According to the results, the tested prototypes were lighter than other
existing HSSFs (CAWST, 2010; Smith, 2013), facilitating the movement of the
prototype for field tests. Nevertheless, HSSF became 7 times heavier after the granular
media had been introduced. In this context, the empty HSSF must be transported to the
final place, inside the residence, before being filled by the filtering materials. Napotnik
and Jellison (2014) stated that both transport and movement of the finished HSSF (with
body and filter media) can reduce the filtration rate by the filter bed compaction.

HSSF estimated costs (filter media, filter body, pipes, valves and fittings) were
US$ 76 for I-HSSF and US$ 98 for C-HSSF in January 2020. For a family with a US$
250 monthly income (equivalent to a minimum wage in Brazil in 2020), our HSSF
prototypes correspond to at least 2.5 % of the annual income. In Nepal, for example, the
CAWST HSSF model costs were 15 % of the annual income (Yung, 2003). According
to Maciel and Sabogal-Paz (2020), their prototypes had a cost of US$ 97 per unit, which
was a similar value in our study.

Water stored in the I-HSSFs was 16.24 L (sum of stationary water volume, void
volume and internal volume in the HSSF outlet pipe). Introducing a feeding volume
smaller than the void volume is recommended for a microbiological reduction (Elliott et
al., 2008); therefore, each filter was fed three times per day with 16 L. On the other
hand, water stored in the C-HSSFs was 18.9 L. This value divided by the daily flow,
resulted in a theoretical hydraulic retention time of 567 + 34 min that was later

compared with the tracer tests.

3.2 Characterization of HSSFs

The results of the tracer assays on C-HSSFs and I-HSSFs are shown in Figure 2.

13
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Figure 2. Tracer tests results in C-HSSF and 1-HSSF

The graphs obtained in I-HSSFs are similar to those found by Elliott et al. (2008)
with an average vertical line close to the accumulated volume of 32 L (two feeds). A

change in the tracer concentration can also be observed introducing well water that aims

to remove it.
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Regarding MDI, the values were 2.19 + 0.01 for I-HSSF3 and 2.21 + 0.07 for I-
HSSF4. This index considers the passage time of 10% and 90 % of the tracer mass in
the filter, therefore when closer to 1.0, it is close to the ideal plug flow reactor. USEPA
(1986) and Tchobanoglous et al. (2003) consider MDI < 2 a plug flow reactor. The
HSSF model studied by Elliot et al. (2008), Bradley et al. (2011) and Yong-Rojanschi
and Madramootoo (2015) obtained MDI values of 1.3, 1.4 and 1.8, respectively.
According to the flow rate variation in the I-HSSF model studied by Lynn et al. (2013),
they adapted the MDI to the mMDI (i.e. index that took into account the accumulated
volume of filtered water) and found values around 2.9. In our study, the mMDI was
2.47 £0.03 for I-HSSF3 and 2.56 + 0.13 for I-HSSF4, values close to those found by
Lynn et al. (2013).

The residence time distribution was 578 + 4.4 min for C-HSSF1 and 578 + 9.3
min for C-HSSF2. These values are close to the theoretical hydraulic retention time
(567 £ 34 min), previously shown. Data adjustment for the N-continuous stirred tank
reactors model and for the low and high dispersion intensity models are shown in Table
2. The N-CSTR model provided the best results in both prototypes, therefore 8 perfect
complete mix reactors in series are required for C-HSSF1 and 13 are necessary for C-
HSSF2. The C-HSSF model tested by Terin and Sabogal-Paz (2019) obtained N = 6
(filter cross sectional area = 0.049 m?) and the one tested by Sabogal-Paz et al. (2020)
yielded N = 17 (filter cross sectional area = 0.0075 m?), therefore the difference in
results may be associated with the filters’ geometry. The largest number of reactors in

series indicates a reactor close to the plug flow (Levenspiel, 1999).
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Table 2. Tracer test results for the C-HSSF

Small High
N-CSTR dispersion dispersion
HSSF Statistic
model model
N r>  DuL' 2 DpuLt r?
Mean 13 0.8 004 072 004 0.72
C-HSSF1

Standard deviation 4 0.05 0.01 0.05 0.01 0.05

Mean 8 074 007 068 006 0.67
C-HSSF2

Standard deviation 4 0.18 0.04 0.11 0.03 0.08

Notes: HSSF: household slow sand filter; N-CSTR: N-continuous stirred tank reactors
model; N: number of stirred tank reactors; D.uL™: dimensionless group characterising
the spread in the whole reactor; r: coefficient of determination.

When evaluating the development of the biological layer in the HSSF, Sabogal-
Paz et al. (2020) suggested that the plug flow reactor may allow the same treatment time
to be available for all water parcels that enter the filter, improving the performance of

the HSSF.

3.3  HSSF operation

E. coli reductions are shown in Figure 3. The data showed that C-HSSFs
displayed stability (ripening) after 100 days with around 3 log reductions in the first
operation phase. In the second phase, the same efficiency was achieved in
approximately 20 days. I-HSSF had almost 1.5 log reduction in the first operation
phase, however the weekly inclusion of river water (i.e. ripening agent) in the second

phase increased the efficiency of I-HSSF in reducing microorganisms (i.e. close to 2

log).
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Figure 3. HSSF efficiency for E. coli reduction

The application of the Wilcoxon statistical test, to compare the E. coli data from
filtered water, resulted in p-values of 0.018 between continuous filters and 0.264
between intermittent filters. The same test between the different HSSF configurations
resulted in significantly lower values, indicating the similarity between the duplicates.
Bivariate statistical analyses between the operation time and E. coli reduction showed a
correlation (p <0.05) in the first 20 days of operation in all HSSFs in the second phase
and only in C-HSSF1 in the first phase. This indicates that there was a speed-up of filter
performance in the second phase. Maciel and Sabogal-Paz (2020) in their bivariate
analyses also observed that the time after HSSF maintenance correlated positively with
microbiological removal.

Based on their data, Young-Rojanschi and Madramootoo (2014) proposed
modelling E. coli reduction as a function of time for HSSFs in continuous and
intermittent flows. For each HSSF, the aforementioned authors considered the initial

reduction in bacteria (a), the reduction after ripening (b) and the ripening factor
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364  characteristic (c). The results obtained from our data are shown in Table 3 after
365  applying the aforementioned modelling.
366

367  Table 3. Parameters for ripening models

Phase HSSF a b c E

C-HSSF1 1.06 4.26 99 0.838
First phase: without ripening agent

C-HSSF2 1.37 4.27 169 0.753
to speed up the biological layer

I-HSSF3  0.43 2.8 238 0.669
growth

I-HSSF4  0.45 2.79 285 0.612

C-HSSF1 2.14 4.47 97 0.428
Second phase: with ripening agent

C-HSSF2 1.89 4.62 96 0.725
(river water) to speed up the

I-HSSF3  0.78 2.01 93 0.137
biological layer growth

I-HSSF4  0.81 1.95 52 0.078

Notes: a: initial reduction (log); b: final reduction (log); c: ripening factor; E:
correlation between modelled and real values of E. coli reduction (Spearman);

modelling: a + b. t / (t + ¢) (Young-Rojanschi and Madramootoo, 2014).

368

369 C-HSSFs showed greater E. coli reductions than 1-HSSFs at the beginning of the
370  first and second phases. At the end of the same phases, bacterial reductions increased in
371 all filters, however showing a better performance for C-HSSFs. C-HSSFs presented a
372  filtration rate about 10 times lower than I-HSSFs and this lower filtration rate may have
373 helped the adsorption, filtration and microbiological treatment processes. In our study, it
374  is possible that the second phase, the microbiological mechanisms (i.e. faster

375  schmutzdecke formation) helped to reduce E. coli.
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The ripening factor of all HSSFs was significantly higher in the first phase than
in the second, therefore the river water use as a ripening agent changed the E. coli
reduction curve, decreasing the ripening factor. In the modelling performed by Young-
Rojanschi and Madramootoo (2014) with lake water as influent water, ripening factors
of 2 to 4 were obtained in intermittent and continuous HSSFs, respectively.

Disinfection with sodium hypochlorite led to a reduction in the remaining E. coli
in the filtered water in all HSSFs analysed (they were no longer detected). Hussain et al.
(2015) also achieved a total coliform reduction, evaluating the HSSF followed by solar
disinfection.

E. coli data of filtered water in the first week of HSSF operation were compared
between the two phases. The Mann-Whitney test resulted in values of p=0.698 for all
HSSFs. Therefore, it is emphasised that cleaning the HSSF leaves the filter in
conditions close to the beginning of the operation in both studied phases.

TOC removal for each HSSF over the two phases is shown in Figure 4. The
TOC of influent water was 6.8 + 0.96 mg.L in the first phase and 7.96 + 1.21 mg.L? in
the second. In this case, the first phase showed 30 % TOC removal after 140 operation
days in the C-HSSF1 and only after 176 days in the C-HSSF2. On the other hand, the
second phase achieved the same performance after 29 operation days in C-HSSFs and
99 days in I-HSSFs.

Campos et al. (2002) affirmed that the unstable organic carbon in slow sand
filtration could be used by microorganisms for microbial biomass grow, thus providing
its removal. In our study, the second phase, which included the ripening agent (river
water) to speed up the biological layer growth, reduced the time to obtain 30% TOC
removal (i.e. 111 operation days for C-HSSF1, 147 days for C-HSSF2 and 77 days for

both I-HSSF3 and I-HSSF4) when compared to the first phase.
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Figure 4. TOC removal for each HSSF
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Disinfected water showed TOC removal similar to filtered water for all the

HSSFs and the Mann Whitney statistical test revealed no significant differences (p-

values: 0.67 for C-HSSF1, 0.63 for C-HSSF2, 0.51 for I-HSSF3 and 0.96 for I-HSSF4).

Monitored parameters throughout the operating time (turbidity, pH, temperature,

head loss and filtration rate) are summarized in Table 4. In the first phase, the turbidity

was 0.53 £ 0.13 NTU for the studied water. Despite low values, filtered water samples

presented removal with values of 9.5 + 41 % in C- HSSF1, 8.7 £ 36 % in C- HSSF2,

14.8 + 36% in I- HSSF3 and 16.5 + 42% in I- HSSF4. In general, when influent water

turbidity is low, the removal is also low (Sabogal Paz et al., 2020). The Mann-Whitney

statistical test detected significant differences between filtered and chlorinated water

only in C-HSSFL1.

Table 4. Analysed parameters during HSSF operation

First phase: without ripening agent

C-HSSF1  C-HSSF2 I-HSSF3 I-HSSF4
Parameters
(MxSD) (MzSD) (MzSD) (MzSD)
Turbidity for filtered water
044 +0.15 045%£0.13 042+0.11 0.41+£0.16
(NTU)
Turbidity for disinfected water
0.35+009 04%£01 04+015 03401
(NTU)
pH for filtered water 7.48+£0.07 7.51+£007 7.11+£024 7.09+0.25
pH for disinfected water 7.51+£0.07 752+005 7.02+0.18 6.97+0.18
Temperature at 8:00 am (°C) 21+2.9 21.2+3 204+£28 20429
0.01+ 0.02 £ 0.14 £ 0.14 +
dH.L*!
0.003 0.007 0.009 0.005
Flow rate (m®.m2.day™) 0.88+0.07 0.87+0.11 6.93+055 6.59+0.51
Particle size for filtered water
651+346 7751485 922+472 892675

(nm)

Second phase: with ripening agent (river water)
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C-HSSF1  C-HSSF2 I-HSSF3 I-HSSF4
Parameters
(MtSD) (MzSD) (MzSD) (MzSD)
Turbidity for filtered water
0.65+0.38 0.74+058 122+202 1.17+1.98
(NTU)
Turbidity for disinfected water
1.12+238 1.09+241 11096 1+1.97
(NTU)
pH for filtered water 749+0.16 7.49+012 6.96+0.15 6.95+0.15
pH for disinfected water 753+0.15 754+0.13 69+014 6.92+0.13
Temperature at 8:00 am (°C) 24 +2 23.8+2 23+2.1 228121
0.01+ 0.02 + 0.14 + 0.14 +
dH.L?
0.002 0.002 0.003 0.005
Flow rate (m®.m2.day?) 0.88+0.06 0.87+0.09 6.87+0.46 6.86%0.5
Particle size for filtered water
496+ 112 350+165 544+176 3991104

(nm)

Notes: M: mean; SD: standard deviation; dH.L™: head loss divided by thickness bed

In the second phase, the studied water showed 0.62 + 0.41 NTU turbidity and the

filtered and chlorinated water presented higher values. This increase was due to the

ripening agent (river water) introduced weekly with 21.07 £ 25.32 NTU. However, only

one day per week were there turbidity peaks of a maximum of 4.28 NTU in C-HSSFs

and 12.3 NTU in I-HSSFs and the others days the filtered and chlorinated water

remained below 1.0 NTU.

Regarding pH, the filtered water of the C-HSSFs showed slightly higher values

than those of I-HSSFs. Filter media leaching, as pointed out by Sabogal-Paz et al.

(2020), can explain the pH increase. Disinfection altered the pH values, however the

treated water was within the recommended range, between 6.5 and 8.5 (WHO, 2017).

HSSFs internal temperature was higher in the second phase than the first as the

room temperature was 24 + 3.7 °C in the first phase and 26.1 £ 2.2 °C in the second.

Filter ripening is known to improve at higher temperatures (Unger and Collins, 2006;
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Arnold et al., 2016), therefore the temperature between phases may have influenced our
results with favourable conditions to speed up the biological layer in the second phase.
Nevertheless, this difference was very low (+ 2°C) and bivariate statistical analyses
between the values of E. coli reduction and temperature showed no correlation (p<0.05)

Head losses and filtration rates varied slightly over time as low values of
standard deviations were found. The variation head loss in relation to the filter media
thickness (dH.L™) was higher for I-HSSFs than C-HSSFs. It should be noted that the
low flow rate of C-HSSFs (33 mL.min™) resulted in a small head loss variation between
the piezometers (i.e. in order of millimetres) while the instant high flow rate of I-HSSF
(300 mL.min) caused high head loss variation among piezometers (i.e. in order of
centimetres). Young-Rojanschi and Madramootoo (2014) also observed this difference
in HSSFs and they point out that the piezometers of the filters in continuous flow were
not sensitive enough to detect the head loss.

The particle size of the studied water was 909 + 298 nm in the first phase and
354 * 140 nm in the second phase; however, filtered water showed a slight variation of
this parameter (Table 4).

DO analyses in the filter depth are shown in Figure 5. Lower DO concentrations
were found close to the surface, indicating consumption by the schmutzdecke. DO
values were reduced with the depth and Young-Rojanschi and Madramootoo (2015)
observed this phenomenon. DO profiles are similar between duplicates (C-HSSF1
versus C-HSSF2 and I-HSSF3 versus I1-HSSF4) and different between continuous and
intermittent flow configurations, with higher values for C-HSSFs. The pause periods

may explain the higher DO consumption in I-HSSFs.
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Figure 5. Dissolved oxygen (DO) variation for each HSSF according to the filter depth

DO profile in the initial 21 days of the first phase showed a different layout from
the other days in all HSSFs. On the other hand, in the second phase, the DO layout for
the same period was similar. In this case, there were differences in the DO profile
between the phases, in which the second phase had a DO profile closer to the days when
the HSSF was mature in the first days of operation. According to Adin (2003), DO

concentration can be an excellent indicator for the biological layer ripening.
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The analytical quality test for the protozoan detection method is shown in Table

5. When the results are compared with the criteria established by USEPA (2012), the

data obtained met the minimum recovery of 22 % for Giardia, but it did not meet the

variation coefficient of 39 %.

Table 5. Analytical quality test for the protozoa detection method

Sample 1 2 3 4
Number of cysts 3 12 5 3
G. lamblia
Total average cysts + Standard deviation 57.5+42.7
Cyst recovery (%) + CV(%) 57.6 £425
Sample 1 2 3 4
Number of oocysts 4 3 3 2
C. parvum
Total average oocysts * Standard deviation 30+8.2
Oocyst recovery (%) + CV(%) 30+8.1

Notes: CV: Coefficient of variation; number of inoculated organisms in AccuSpyke®

kit (Waterborne™, USA): 99.9 cysts and 100.6 oocysts; final volume of each

sample: 0.5 mL; aliquot assessed under microscope: 50 pL; multiplication factor =

10.

For Cryptosporidium, the method did not meet the minimum of 38 % recovery

and met the variation coefficient of 37 %. When performing analytical quality tests of a

similar protocol to the one used in our research, Maciel and Sabogal-Paz (2016) found

recoveries of 80 £ 20.4 % for Giardia spp. and 5 + 200 % for C. parvum, indicating a

variability of the protozoa detection, according to the tested environmental matrix.
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HSSF efficiency to protozoa reduction was performed when the filters were

mature (near the end of the operation). The results are shown in Table 6.

Table 6. HSSF efficiency for protozoa reduction

Number of Reduction (log)
Protozoa Day Phase inoculated organisms C- C- I- I-
(M £ SD) HSSF1 HSSF2 HSSF3 HSSF4
191 1 932 £ 177 TR TR TR TR
244 842 £ 424 TR TR TR 1.93
275 2028 £ 453 2.32 2.32 2.02 2.02
G.muris
310 2 283 + 138 0.98 1.15 TR TR
335 491 + 137 1.21 TR TR 1.69
358 2735 + 247 TR TR TR 1.55
191 1 942 + 191 1.67 1.97 TR 1.67
244 1086 = 675 1.43 1.34 2.04 1.19
C. 275 690 + 311 0.84 1.54 1.36 1.54
parvum 310 2 175+ 90 0.94 0.64 0.94 1.24
335 2336 0.41 1.37 0.46 0.67
358 595 + 346 0.93 1.3 1.77 1.47

Notes: M: mean; SD: standard deviation; TR: total reduction (i.e. not detected in the

sample).

The maximum protozoa reductions occurred at the end of the first season,
obtaining a total removal (> 5 log) of G. muris in all HSSFs and 1.67 log to total

removal (> 5 log) of C. parvum. The end of the second phase also showed a total
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reduction of cysts in C-HSSF1, C-HSSF2 and I-HSSF3, but not for I-HSSF4 (i.e. 1.55
log). The results suggest that a filter mature has a higher performance in protozoa
reduction due to the microbiological treatment promoted by the schmutzdecke.
Palmateer et al. (1999) achieved a reduction of 99.98 % (> 3 log) of Cryptosporidium
and 100 % (> 5log) of Giardia after 22 days of massive inoculation in I-HSSF model.
Although the HSSFs significantly reduced the amount of pathogens in the water, they
did not guarantee a complete reduction, mainly for C. parvum due to its small size and
ability to compress when it passes through the filter bed (Giglio and Sabogal-Paz,
2018), thus suitable disinfection is required.

Higher bacterial reduction compared with protozoa may be explained by the fact
that Giardia and Cryptosporidium are present in their resistance form, cysts and oocysts
respectively, when in the environment. Usually, these forms show a double-layered
membrane protecting the parasites from adverse external conditions. Consequently, they
can tolerate the filtration process stress (i.e. predation, competition and lack of
nutrients) with less impact than bacteria (Ramo et al., 2017; Berglund et al., 2017). In
addition, the initial concentration of microorganisms inoculated in the study water may
have influenced the efficiency of the filter, since a high reduction of (0o0)cysts was
observed when a high concentration of them was inoculated in the water, as reported by
Palmateer et al. (1999) and Adeyemo et al. (2015). Thus, low concentration in raw
water may underestimate the real protozoa removal rates.

The protozoan membrane permeability was evaluated using PI as an indicator of
the viability of the protozoa and the results are shown in Figure 6, at the end of the

second phase.
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Figure 6. Potentially viable cysts and oocysts (unstained by propidium iodide) in filtered

505

and disinfected water

506

507

Potentially viable (unstained) G. muris cysts were detected in 25% of the filtered

508

water samples and in 20% of the disinfected water samples in the HSSFs. Potentially

509

viable C. parvum oocysts were detected in 60 % of filtered water and 12 % of

510

disinfected water samples. The findings indicated that the disinfection reduced the

511
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amount of protozoa viable (i.e. 5 % for cysts and 48 % for oocysts), therefore, exposure
to chlorine may have altered the membrane permeability, contributing to the water
treatment. However, the existence of uncolored (0o)cysts in disinfected water shows
that chlorination was not fully efficient in removing the microbiological risk. Chlorine
doses even higher than the one used in our study (i.e. 0.5 mg.L™) do not inactivate
oocysts completely, according to Keegan et al., (2008). On the other hand, PI can also
underestimate the treatment efficiency as non-viable cells may be negative for PI
(Roussean et al., 2018). Regarding protozoa reduction, more research is needed to
provide safe water to the target population.

The main challenges observed in our study during the routine HSSF operation,
aiming at technology transfer in rural areas were: i) the change in the quality of filtered
water on the day of the addition of when the ripening agent (i.e. river water) was added;
ii) risks of chlorine splashing on clothes during disinfection; and iii) maintaining the
three daily feeding commitments for the I-HSSFs.

An alternative to motivate user acceptance for weekly river water feeds (ripening
agent introduction) would be to reserve the water from that day for less noble purposes
(e.g. general cleaning), since on that day the water quality is poor. When disinfecting,
using gloves and aprons and training the user can minimize any problems. The daily
HSSF operation routine requires discipline and commitment from the user; evidently,
these behaviour changes require training, monitoring and follow-up, as observed by

Vanderzwaag et al. (2009) and Sisson et al. (2013).

4. Conclusions
C-HSSFs efficiency was better than 1-HSSFs in reducing the microbiological risk

found in groundwater.
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The weekly feeding of HSSFs with river water accelerated the ripening process in
approximately 80 days, thus improving the treatment efficiency compared to the
operation without the ripening agent.

Disinfection with sodium hypochlorite improved the quality of the filtered water and
generated an increase in the protozoa membrane permeability.

Despite the costs and operational challenges encountered, the HSSF can improve the

quality of life in rural communities providing safe water worldwide.
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795 Supplementary Material
796  Statistical analysis

797  Table S1 — Shapiro-Wilk test to verify the normality of the data

p-value p-value
Data ) ) )
First phase of operation  Second phase of operation
E. coli filtered water C-HSSF1  5.39E-12 8.29E-7
E. coli filtered water C-HSSF2  2.33E-9 3.62E-7
E. coli filtered water I-HSSF3  0.002 1119E-4
E. coli filtered water I-HSSF4  0.006 3.46E-6

798  Note: P < 0.05 was considered statistically significant.
799

800  Table S2 — Wilcoxon test to verify the difference in E.coli reduction in filtered water

801  between HSSFs

Comparison p-value
C-HSSF1 = C-HSSF2 0.018
C-HSSF1 = I-HSSF3 1.2E-13
C-HSSF1 = |-HSSF4 1.18E-13
C-HSSF2 = I-HSSF3 1.73E-13
C-HSSF2 = |-HSSF4 1.73E-13
I-HSSF3 = I-HSSF4 0.264

802  Note: P <0.05 was considered statistically significant.
803
804
805
806

807
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808
809 Table S3 — Mann-Whitney test to check differences between the turbidity of filtered

810  water before and after disinfection

HSSF Comparison p-value
C-HSSF1 Filtered water = Disinfected water 0.026
C-HSSF2 Filtered water = Disinfected water 0.365
[-HSSF3 Filtered water = Disinfected water 0.559
I-HSSF4 Filtered water = Disinfected water 0.804

811  Note: P < 0.05 was considered statistically significant.
812

813
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814  Table S4 — Analysis of Spearman's correlation between E. coli reduction and variables

815  of interest in the first phase of operation

Variables of interest

Operating interval HSSF _ i
Time of operation Temperature
r's 0.9 -0.359
C-HSSF1
p 0.017 0.633
r's 0.8 0.051
C-HSSF2
) _ p 0.083 1
First 20 days of operation
r's 0.8 0.205
I-HSSF3
p 0.0833 0.767
r's 0.631 0.358
I-HSSF4
p 0.254 0.554
r's 0.628 0.016
C-HSSF1
p 0.001 0.94
r's 0.457 0.169
) C-HSSF2
First 100 days of p 0.022 0.419
operation Is 0.122 0.21
I-HSSF3
p 0.56 0.314
I's 0.091 0.139
I-HSSF4
p 0.666 0.508

816  Note: rs: Spearman's correlation coefficient; in bold: significant correlation (p <0.05).
817

818
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819  Table S5 — Analysis of Spearman's correlation between E. coli reduction and variables

820  of interest in the second phase of operation

Variables of interest

Operating interval HSSF _ i
Time of operation Temperature
r's 0.9 0.359
C-HSSF1
p 0.017 0.633
r's 0.9 0.359
C-HSSF2
) ) p 0.017 0.633
First 20 days of operation
r's 0.9 0.359
I-HSSF3
p 0.017 0.633
r's 1 0.103
I-HSSF4
p 0.017 0.9
r's 0.202 0.241
C-HSSF1
p 0.394 0.306
r's 0.684 0.022
) C-HSSF2
First 100 days of p 0.001 0.927
operation Is 0.226 0.16
I-HSSF3
p 0.339 0.501
I's 0.355 0.06
I-HSSF4
p 0.125 0.802

821  Note: rs: Spearman's correlation coefficient; in bold: significant correlation (p <0.05).
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G.muris cysts visualized in fluorescence, DAPI , DIC and PI, respectively (400x)

C. parvum oocysts visualize
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Scanning electron microscopy images for blanket after filters operation (second

season)
Figure A1 — Some microscopic images used in the research
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