
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Household slow sand filter efficiency with schmutzdecke evaluation by microsensors

Lamon, A. W., Faria Maciel, P. M., Campos, J. R., Corbi, J. J., Dunlop, P. S. M., Fernandez-Ibañez, P., Anthony
Byrne, J., & Sabogal-Paz, L. P. (2021). Household slow sand filter efficiency with schmutzdecke evaluation by
microsensors. Environmental Technology (United Kingdom), 1-12.
https://doi.org/10.1080/09593330.2021.1939795

Link to publication record in Ulster University Research Portal

Published in:
Environmental Technology (United Kingdom)

Publication Status:
Published (in print/issue): 15/06/2021

DOI:
10.1080/09593330.2021.1939795

Document Version
Author Accepted version

General rights
Copyright for the publications made accessible via Ulster University's Research Portal is retained by the author(s) and / or other copyright
owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these
rights.

Take down policy
The Research Portal is Ulster University's institutional repository that provides access to Ulster's research outputs. Every effort has been
made to ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in
the Research Portal that you believe breaches copyright or violates any law, please contact pure-support@ulster.ac.uk.

Download date: 23/05/2023

https://doi.org/10.1080/09593330.2021.1939795
https://pure.ulster.ac.uk/en/publications/26d2b697-9003-4535-8b7e-91df005e8f39
https://doi.org/10.1080/09593330.2021.1939795


 
 

Household slow sand filter efficiency with schmutzdecke evaluation by microsensors 

 

Antonio Wagner Lamona; Paulo Marcos Faria Maciela; José Roberto Camposa; Juliano José 

Corbia; Patrick Stuart Morris Dunlopb; Pilar Fernandez-Ibañezb; John Anthony Byrneb; Lyda 

Patricia Sabogal-Paza* 

 

aDepartment of Hydraulics and Sanitation, São Carlos School of Engineering, University of 

São Paulo, Avenida Trabalhador São-Carlense 400, São Carlos, São Paulo, 13566-590, Brazil. 

 

bNanotechnology and Integrated Bioengineering Centre, School of Engineering, Ulster 

University, Jordanstown, BT37 0QB, Northern Ireland, United Kingdom. 

 

* Corresponding author: lysaboga@sc.usp.br 

 

ABSTRACT 

Slow sand filtration is a common technology providing potable water in rural households 

across Latin America, Asia and Africa. Two PVC household slow sand filters (HSSF) were 

operated in continuous (C-HSSF) and intermittent (I-HSSF) flow modes for eight consecutive 

months. A non-woven blanket was installed on the fine sand top to facilitate cleaning with 

scheduled maintenance undertaken every 30 days. The efficiency of each HSSF was evaluated 

via physico-chemical indicators (reduction of turbidity and colour) with biological performance 

assessed via total coliform and E. coli enumeration post treatment.  There were no statistically 

significant differences between the continuous flow and intermittent flow models for physical-

chemical and total coliform reduction parameters. However, when evaluating E. coli, C-HSSF 

performed better (p = 0.02).  The non-woven blanket was subjected to weekly analysis using a 
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Clark-type amperometric microsensor (diameter < 20 µm), which measured dissolved oxygen 

(DO) concentration in the adherent biofilm. DO microprofiles illustrated a variation in biofilm 

growth, which were associated with a progressive increase in the HSSF efficiency. The 

maximum DO depletion value measured during several months of operation showed no 

significant difference between I-HSSF and C-HSSF (p=0.98). The microsensor measurements 

provided unprecedented results in real time. These results can help to understand the efficiency 

of the filter in relation to the biofilm growth, the dissolved oxygen depletion and turbidity 

removal. 

 

Keywords: dissolved oxygen, drinking water, rural communities, biofilms, tracer tests, slow 

sand filters 

 

Abbreviations: 

 

HSSF: household slow sand filter 

C-HSSF: household slow sand filter in continuous flow 

I- HSSF: household slow sand filter in intermittent flow  

SSF: slow sand filter 

 

1. INTRODUCTION 

 

The World Health Organization reports that more than 800 million people live in 

precarious situations regarding availability of safe and affordable drinking water (WHO, 2017). 

In order to address this problem primarily within developing countries, a solid base for drinking 

water treatment technologies is required.  Conventional systems used in cities and developed 



 
 

countries are complex and expensive, and consequently basic water treatment technologies are 

being adapted to local contexts worldwide (Sianipar et al., 2013).  

Point-of-use (POU) devices treat water for direct consumption (drinking and cooking) 

and are an option for water supply where conventional water treatment plants are not affordable 

(USEPA, 2006). Among the most prevalent POU interventions is the household slow sand filter 

(HSSF) in intermittent flow, with more than 300,000 units installed (CAWST, 2012). The filter 

body can be made of concrete or plastic and the bed is made of fine sand and gravel. The 

simplified configuration enables the production of safe water to low-cost, with a filter that is 

easy-to-build, durable and efficient, widely used in developing countries (CAWST, 2012; 

Mahaffy et al., 2015). 

HSSFs can provide an effective treatment for the removal of physico-chemical and 

microbiological parameters present in water (Stauber et al., 2006; Gottinger et al., 2011). 

According to Saravanan & Gobinath (2015), HSSFs can remove 5.0-64% of metals and 90-

99% of turbidity, however their efficiency is limited to the use of raw water with turbidity 

below 50 NTU (CAWST, 2012). Sabogal-Paz et al (2020) reported that raw water turbidity 

should be limited to 10 NTU in countries with higher drinking water standards.  

Developing countries usually have raw water with high turbidity levels (Clair, 2009; 

Shaikh & Munavalli, 2015) with several studies reporting adjustments in the HSSF operational 

parameters and related efficiency to the quality of produced drinking water (Kennedy et al. 

2012; Young-Rojanschi & Madramootoo, 2014; Young-Rojanschi and Madramootoo, 2015; 

Souza Freitas and Sabogal-Paz, 2019; Terin and Sabogal-Paz, 2019; Maciel & Sabogal-Paz, 

2020; Sabogal-Paz et al 2020). 

In such filters, the fine sand layer remains immersed in water permitting the formation 

of a biofilm (i.e. schmutzdecke), which imposes greater head loss as the resultant filter 

efficiency increases. Schmutzdecke formation is important with respect to filter performance 



 
 

(Kristina et al., 2015), and given that the reactions inside the biofilm are predominantly aerobic, 

a better understanding of both dissolved oxygen (DO) distribution and schmutzdecke formation 

is crucial for slow sand filter (SFF) efficiency. Although studies on HSSF have focused on 

operational parameters and efficiency, the biofilm and its effective contribution to water 

purification have not been widely evaluated. 

 

1.1. HSSFs in continuous and intermittent flows 

 

HSSF in continuous flow (C-HSSF) is commonly used with 0.20-1.22 m3m-2day-1 

filtration rate (Young-Rojanschi and Madramootoo, 2014; Souza Freitas and Sabogal-Paz, 

2019), which must be controlled daily by a valve. According to Sabogal-Paz et al. (2020), such 

a filter can produce ≤ 200 L per day when supplied by an elevated tank or pump, occupying a 

larger area inside a house when compared to HSSF operated with intermittent flow (I-HSSF). 

Young-Rojanschi and Madramootoo (2014) observed that C-HSSF can be more efficient in E. 

coli reduction (3.71 log) than I-HSSF (1.67 log), with initial values of 410 ± 60 CFU/100 mL in 

raw water. On the other hand, turbidity removal was around 87-96% from the initial 12.6 ± 7.3 

NTU measured in influent water.  

I-HSSF can operate with filtration rates ≤ 9.6 m3m2day-1 (CAWST, 2012). The filter is 

fed in sequential batches, thus water remains inside for 1-48 h (i.e. buffer period), allowing the 

filtration processes to treat water (CAWST, 2012). I-HSSF occupies a smaller area in a 

residence (Sabogal-Paz et al., 2020) and can produce ≤ 80 L per day (Schmidt and Cairncross, 

2009). According to Elliott et al. (2008), I-HSSF can achieve 74.8% of turbidity removal 

(initial value: 1.86-8.96 NTU) with a reduction of 0.5-1.9 log of E. coli (initial value: 255 ± 33 

CFU/100mL). 

 



 
 

1.2. Biological layer (biofilm)  

 

Biofilms are complex structures with dynamic systems that favour primordial 

multicellular organisms and ecosystems of varied characteristics (Hall-Stoodley, 2004). 

Biofilm adhesion is a complex process regulated by the characteristics of the substrate, 

temperature, hydrodynamics, and other factors. A biofilm is comprised of microbial cells and 

extracellular polymeric substances (EPS) and its defined architecture provides an adequate 

environment for the exchange of genetic material among cells (Donlan, 2002). 

Microorganisms present in biofilms come from raw water and form a community 

comprising algae, bacteria, protozoa, and small living cells (Pfannes et al., 2015; Prem and 

Manjeet, 2018). The microorganisms and their variety of species adapt to the raw water 

characteristics, as well as to the SSF environment (Buzunis, 1995). 

Raw water quality is important for the microbiological community and maintenance of 

its metabolism in the biofilm. Oxidative processes during metabolism consume organic matter 

in raw water, including dead pathogens. Microorganisms compete for food and with more 

space in the biofilm; metabolic rates increase considerably, particularly at higher temperatures 

(Prem and Manjeet, 2018). 

Huisman and Wood (1974) identified the microbiological process of water purification 

in the SSF sand (i.e. the first 40 cm below the biofilm). The biochemical reactions, in this 

biological layer, gain space by converting organic matter into amino acids that are important 

for the bacteria life cycle in SSF. 

Biological layer formation also includes particle sedimentation and microbial 

catabolism, when the influent water reaches the filter. Biofilms rich in bacteroidetes and fungal 

(i.e. Cryptomycota) have been observed in SSF, and they are involved in the complex organic 

compound degradation (Jones et al., 2011). According to Huisman and Wood (1974), the 



 
 

conditions inside SSF are not suitable for intestinal bacteria multiplication, as the human body 

temperature is 37 °C and this bacterium does not survive below 30 °C (i.e. common 

temperatures in the filter). SSF biofilm also captures target organisms that can serve as food for 

different life forms (Haig et al., 2015; Huisman and Wood, 1974). Channels inside the biofilm 

enable locomotion, search for food, reproduction and oxygen capture for the microorganism 

survival. The biological layer constitutes an aerobic ecosystem, therefore DO levels are critical 

for its rapid formation (Manz, 2004). 

HSSF shows the highest efficiency when the biofilm has been formed (ripe filter), 

however the biofilm changes, reducing the treatment efficiency if the water remains stagnant 

inside the unit for a long time (Fewster et al., 2004; Souza Freitas and Sabogal-Paz, 2019). An 

important effect of HSSF biofilm formation is the increase in head loss with a consequent 

decrease in the treated water production over time. Suspended material contained in the influent 

water and EPSs obstruct the interstices of the filter bed, reducing the filtration run time and, 

consequently, increasing the cleaning frequency (Souza Freitas and Sabogal-Paz, 2019). The 

cleaning procedure takes place to recover treated water production, however this causes a drop 

in the filter efficiency as it needs to form the biofilm again. 

 

1.3.  Microsensors  

 

A microsensor is a small electrochemical electrode used in laboratories for chemical 

species detection. Its small dimension offers advantages, such as the slight sample volume 

required, high spatial resolution (< 20 µm), great response speed (< 1.0 s), low sensitivity to 

stirring, and non-intrusive analysis, therefore it is suitable for biofilm studies and small 

biological samples. 



 
 

Biofilm microbiological activity, hydrodynamics and mass transport cannot be analysed 

separately due to their diverse interactions in the biological layer. The microscale biofilm 

activity is quantified by microsensor, thus a particular chemical species movement from the 

substrate to the biofilm surface is analysed. Chemical species movement must be quantified on 

the spot by microsensors to obtain microprofiles, which ensure adequate spatial distribution 

with no damage to the biofilm structure under study (Lewandowski & Boltz, 2011). 

Microsensors are important tools for biofilm analyses, since they provide access to 

microenvironments with chemical species quantification, on a microscale with high spatial 

distribution (Lewandowski & Beyenal, 2007). 

Most microsensors applied to biofilm analysis are electrochemical and the most used are 

amperometric, which can measure the dissolved gas concentration, ions, and organic or 

inorganic molecules. Microsensors can be used in various studies such as blood research, food 

industry, microbiological corrosion and bioreactor efficiency (Lewandowski & Beyenal, 2007; 

Revsbech & Jorgensen, 1986; Sarti et al., 2016). 

In this context, our study evaluated the C-HSSF and I-HSSF efficiencies to reduce 

physical-chemical (i.e. turbidity and colour) and microbiological (i.e. total coliforms and 

Escherichia coli) parameters. In addition, temperature, pH, DO and electrical conductivity 

variations were studied over time.  The DO depletion (difference between initial DO 

concentration and lowest measured concentration) in the non-woven blanket installed on the 

surface of the fine sand layer was also evaluated to understand the role of the blanket in 

increasing the filter efficiency, as described by Maciel and Sabogal-Paz (2020). 

 

2. MATERIALS AND METHODS 

 

2.1 HSSFs Characteristics 



 
 

 

Two HSSFs of 250 mm internal diameter (0.049 m2 surface area) were built in PVC, 

based on the Terin and Sabogal-Paz (2019) model, with adaptations (Figure 1). 

 

Figure 1. HSSF cross section (units in centimetres) 

 

The filter bed consisted of 55 cm fine sand layer (effective size = 0.15 mm, uniformity 

coefficient = 1.68 and porosity = 45%). The support layer had 5 cm of coarse sand (1.5-3 mm), 

5 cm of fine gravel (5-8 mm) and 7.5 cm of medium gravel (12-15 mm). Sand and gravel were 

previously washed with groundwater, sun dried and sieved. A non-woven blanket was installed 

on the fine sand top (± 0.2 g cm-3 specific weight, 100% polyester and 2 mm thickness) to 

facilitate the filter cleaning. Non-woven blanket samples to be analysed by microsensors were 

removed weekly by an exclusive device made of 48 mm diameter PVC discs, attached to the 

blankets. This device was put back in each HSSF after the microsensor analysis. 

 

2.2. HSSF operation  
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The HSSFs were continuously operated with water from the Monjolinho River (São 

Carlos-SP-Brazil) for eight months, between June 2018 and January 2019. A pre-treatment 

consisting of sedimentation for 24 h and subsequent filtering with a non-woven mat (± 0.2 g 

cm-3, 100% specific weight, polyester and 2 mm thickness) was applied to reduce the turbidity 

of the water affluent. The entire set-up of the experimental assembly was kept in a room with 

controlled temperature (25 °C). Eight filters run took place during the study period, lasting 1 

month each. The characteristics of raw and clarified water are shown in Table 1. 

 

Table 1. Characteristics of raw and clarified water quality  

Parameter 

Raw Water Clarified water 

Value (M± SD) Value (M± SD) 

Turbidity (NTU) 19.69 ± 21.09 12.8±13.94 

Apparent colour (HU) 83.58 ± 55.49 58.95±37.26 

True colour (HU) 48.29 ± 33.34 34.28±21.17 

pH 6.60 ± 0.17 6.83±0.18 

DO (mg L-1) 6.33 ± 0.49 6.41±0.48 

Electric conductivity (µS cm-1) 57.09 ± 8.82 54.1±8.28 

Total coliforms  

(CFU 100 mL-1) 

7062 ± 3331 5744±4322 

E. coli (CFU 100 mL-1) 371 ± 799 207±294 

Temperature (°C) 20.8 ± 1.9 21.6±1.2 

Notes: M: mean; SD: standard deviation 

 

The clarified water was stored in a 200 L tank, and 48 L were pumped daily into an 

elevated reservoir (50 L) next to C-HSSF (Figure 1). A submersible pump (Jeneca 



 
 

Electromechanical Co., Ltd., Hong Kong) in the 200 L tank kept the water level constant in the 

elevated reservoir, which had one overflow connector. The 50L reservoir outlet and the C-

HSSF inlet were connected by hoses (the inlet was equipped with a float valve for level control 

and, consequently, the maximum hydraulic load was fixed at 10 cm). 

C-HSSF was operated at a 0.90 ± 0.8m3m-2day-1 filtration rate (0.04 L min-1) and 

controlled by a needle valve installed in the filtered water outlet tube. The I-HSSF filtration rate 

ranged from 8.81 ± 0.3m3m-2day-1 (0.03 L min-1) immediately after feeding and reset to zero 

when the minimum water level inside the filter had been reached. 

I-HSSF had a 20 L bucket at the top and a small float-type valve at the bottom (Figure 

1). Moreover, 48 L from the 200 L clarified water tank were used for daily manual feeding of 

this filter. The float controlled the maximum level of water inside the unit. This filter was fed 

three times a day (08:00 am, 12:00 pm, and 05:00 pm). In each feed, 16 L were transferred with 

the aid of a plastic bucket (Figure 1). Adopting these feeding schedules resulted in two pause 

periods (4 h among successive feedings and 12 h between the last feed of the day and the first 

feed of the following day).  

 

2.3. Tracer tests 

 

The filters’ flow characterisation was performed in triplicate, from inserting 100 mL-1 

of a sodium chloride solution (NaCl) used as a tracer, as described by Terin and Sabogal-Paz 

(2019). Prior to each test, the filters were cleaned with groundwater until the tracer solution 

from the previous test had been completely removed. 

A conductivity probe (Vernier Software & Technology, USA) was installed at the 

output of the HSSFs for measuring electrical conductivity in real-time. The previous probe 



 
 

calibration promoted a correlation between conductivity variation and tracer concentration. 

Excel 2016 (Microsoft, USA) and Origin 8.6 (OriginLab, USA) processed the data obtained. 

I-HSSF was first fed with a 16 L of NaCl solution. The filtration rate dropped to zero 

at the minimum level of operation and, at that moment, 16 L groundwater feeding was 

performed. This last feeding was repeated twice. Data were collected and the graphics obtained 

were analysed according to the proposals put forward by Bradley (2011) and Elliott et al 

(2008). The data collection happened when the tracer started its exit from the filter.  

The tracer was applied in the C-HSSF as a step input, as recommended by Levenspiel 

(1999) and Terin and Sabogal-Paz (2019). The filtration rate was maintained at 0.90 m3m-1day-1 

(0.04 L min-1) throughout the tests. Concentration curves in relation to time (C vs t) were 

plotted and the hydraulic retention time (HRT) was estimated. The flow was characterised 

according to the dispersion models (low and high), number of reactors in series (N-CSTRs) and 

dispersion index (MDI), as described by Tchobanoglous et al. (2003). 

 

2.4. Sample collection and analysis 

 

Samples of raw, clarified, and filtered water were collected daily to assess the turbidity 

and apparent colour, and weekly for measurements of pH, DO, true colour, electrical 

conductivity, total coliforms, and E. coli. The protocols established in APHA et al. (2012) were 

followed for the analyses. The filtered water samples from the C-HSSF were collected daily at 

10:00 am, and those from the I-HSSF were obtained after the longest break (12 hrs) at 09:00 

am. 

Analyses by Clark-type (<20µm) polarographic microsensors were performed weekly 

on the non-woven blanket, therefore each filter run generated 4 DO microprofiles. The 

microsensors were constructed from platinum (50 µm diameter) and silver (200 µm diameter) 



 
 

wires, as described in Lamon et al. (2008). The internal components of platinum and silver 

enabled us to obtain reference electrodes (Ag/AgCl anodes), and the body was constructed 

from glass Pasteur pipettes (Figure 2). 

 

Figure 2. DO microsensor and components. 

 

The microsensors were manually constructed in the laboratory before the measures. 

The measures were destructive to the microsensor (i.e., it was used and discarded); 

consequently, each sample collection was time consuming and laborious. Hence, the sample 

data collection of DO by microsensors was limited to one event per week, which demanded 

preparation from previous days.     

Since DO microsensors offer a linear response, two reading points were used for 

calibration. The first was obtained with oxygen saturated water (DO saturated according to 

temperature and local atmospheric pressure = 7.8 mg L-1), and the second was achieved in a 

sodium sulfite solution (5%), corresponding to the zero DO value. 

A data acquisition system was developed specially for application in LabView® 

language. The microsensors were vertically introduced into the non-woven blanket samples by 
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a micro-stepper, also controlled by software. The microsensor position (depth in µm), which 

appears on the X axis, and the DO concentration at 1 pps (point per second) acquisition speed 

and 20 µm spatial resolution, visualised on the Y axis, were obtained in the DO microprofiles. 

The maintenance of the HSSFs was performed every 30 days and it consisted of 

removing the non-woven blankets and their washing with groundwater. Afterwards, the 

blankets were reinstalled and a new filter run began. The sand layer, below the blanket, was not 

agitated or cleaned.  

 

2.5. Statistical analysis 

 

The one-way ANOVA statistical test evaluated the DO depletion in the blankets of C-

HSSF and I-HSSF and the removal efficiency. The Mann-Whitney (two samples) statistical test 

was applied for E. coli and total coliforms data by PAST® software Version 2.17c 

(Baschart/Boxplot) (Palaeontological Statistics) developed by Hammer et al. (2018), with a 

p<0.05 significant difference. 

 

3. RESULTS AND DISCUSSION 

 

3.1.HSSF Design 

The HSSF model studied had identical geometry and characteristics to those presented 

in Andreoli and Sabogal Paz (2020), Freitas et al. (2021) and Terin et al (2021). The I-HSSF 

and C-HSSF body weight was 13 kg and 12.4 kg, respectively. For the sake of comparison, the 

concrete HSSF model of the Centre for Affordable Water and Sanitation Technology – 

CAWST had a structural weight of 95 kg (CAWST, 2009). In addition to the advantage of 

having less weight, the HSSF model adopted in the present study overcomes issues such as 



 
 

cracks and leaks, which are occurrences to which the concrete model is more susceptible. 

(Earwaker and Webster, 2009).  

 

3.2.Tracer tests  

 

The tracer concentration ranged from 0 mg L-1 to 98 mg L-1 throughout the tests 

(Figure 3 a, b). Figure 3a shows the pattern of increase and decrease in tracer concentration, a 

result similar to that reported by Bradley et al. (2011), Maciel and Sabogal-Paz (2020), 

Sabogal-Paz et al. (2020), and Terin and Sabogal-Paz (2019). The difference in the pattern of 

the tracer exit between I-HSSF and C-HSSF should be noted. In the intermittent unit, the assay 

was conducted with pure water feeding after the tracer feeding. The pure water output pattern 

was observed in the second half of this assay, after 300 minutes.  

The tracer assay in the C-HSSF was conducted differently to obtain flow index 

presented below and to calculate the HRT. The HRT is essential when working with continuous 

feed to have a more precise comparison between influent and treated water.  

 

a) I-HSSF 

 



 
 

 

b) C-HSSF 

 

Figure 3. Tracer test results for I-HSSF(a) and C-HSSF (b) (assays in triplicate). 

 

The MDI of the C-HSSF was 1.87 ± 0.04, which is slightly higher than that reported 

by Elliott et al. (2008) with 1.3 MDI, and Bradley et al. (2011) with a 1.4 MDI, however the 

MDI obtained (≤ 2.0) characterises the filter as a plug-flow reactor, according to the 

classification established by USEPA (1986) and Tchobanoglous et al. (2003). 

The 464 min ± 42.66 HRT for C-HSSF was used to collect the filtered water samples 

to evaluate their efficiency. The N-CSTR model best fitted the flow characteristics with r2 = 

0.66 and N = 21. According to Levenspiel (1999), the higher the N value, the closer the reactor 

to the plug-flow model. Sabogal-Paz et al. (2020) reported lower N (17) and higher r2 (0.75), 

operating C-HSSF for a daily production of 2.9 ± 0.9 L. The result of the C-HSSF modelling 

based on ideal extremes is shown in Table 2. 

 

Table 2. Tracer test results for C-HSSF. 

Statistic HRT N-CSTR Small dispersion High dispersion 



 
 

model model 

  N r2 D/uL r2 D/uL r2 

Mean 464 21 0,66 0,024 0,57 0,022 0,62 

Standard 

deviation 

1,16 0,24 0,005 0,0003 0,005 0,0003 0,006 

Notes: HRT: hydraulic retention time; N-CSTR: N-Continuous stirred tank reactor model; N: 

number of stirred tank reactors; r2: coefficient of determination; D/µL: the dimensionless group 

that characterises the spread in the whole reactor (close to zero denotes negligible dispersion, 

hence the plug flow reactor). 

 

From the perspective of the development of the biological layer and removal processes 

in slow sand filters, a plug-flow reactor suggests the same time is available for all water parcels 

that enter the HSSF, thus helping the water treatment (Sabogal- Paz et al., 2020). 

 

3.3. HSSF Operation 

 

Eight filter runs lasting 1 month each were obtained, regardless of the HSSF clogging 

level. HSSF ripening occurs slowly and requires approximately 1 month for maximum 

efficiency (CAWST, 2012). The formation of the biological layer increased the filtration head 

loss and reduced the filtration rate. The quality of the filtered water over the 8 months of 

operation is shown in Table 3.  It showed improved water quality over time, as reported by Ho 

et al. (2007) and Grützmacher et al. (2002). 

 

Table 3. Filtered water quality and removal or variation rates for I-HSSF and C-HSSF. 

Parameter C-HSSF I-HSSF p-



 
 

Value 

(M ± SD) 

Removal (R) or 

variation (V) (%)  

(M ± SD) 

Value 

(M ± SD) 

Removal (R)  

or variation 

(V) (%)  

(M ± SD) 

value 

Temperature (°C) 

 

23.3 ± 1.5 1.6 ± 6.8(V) 22.6 ± 1.4 1 ± 6.5(V) 3.53 

pH 

 

7.1 ± 0.2 0.3 ± 1(V) 6.9 ± 0.2 0.1±1(V) 

0.008 

SS 

DO  

(mg L-1) 

 

5.6±0.6 0.7±11.5(V) 5.7 ± 0.6 0.7±11(V) 0.826 

Electrical 

Conductivity 

(µS cm-1) 

 

53.0 ± 7.1 -1.2±2.2% (V)  53.1 ± 7.3 -1.1 ± 2(V) 0.953 

Turbidity 

(NTU) 

 

3.0 ± 3.9 75.9±31.1(R) 3.2 ± 4.1 74.8 ± 32.1(R) 0.744 

Apparent colour 

(uH) 

 

15.7±16.8 73.4±28.5(R) 16.1±15.5 72.8 ± 26.4(R) 0.834 

True colour (uH) 

 

14.5±16.0 57.5±46.8(R) 16.2±16.7 52.7 ± 48.9(R) 0.52 

Total coliform 

(CFU 100 mL-1) 

33 ± 46 

1.6 Log  

± 0.04 log 

45  ± 67 

1.4 Log  

± 0.06 log 

0.714 



 
 

E.coli 

 (CFU 100 mL-1) 

 

1 ± 1  

2.2 log 

± 1 log 

3 ± 3 

1.6 log 

± 0.01 log 

0.02 

SS 

M: mean; SD: standard deviation; statistically significant difference (SS) between C-HSSF and 

I-HSSF when p-value < 0.05. 

 

Regarding turbidity removal, no statistically significant difference was observed 

between C-HSSF and I-HSSF (p = 0.744). Removals in the 70% to 96% range in laboratory 

and field trials have been reported (CAWST, 2012; Frank et al., 2014; Jenkins, 2011), therefore 

the expected removal efficiency was obtained. Results of turbidity removal in HSSF operations 

whose influent water has higher levels of turbidity are enhanced (Napotnik et al., 2017; Tundia 

et al., 2016; Nair et al., 2014). However, another tendency was observed in the present study. 

An improved turbidity removal rate was observed in the second month of operation (91.8% ± 

0.14 for C-HSSF and 87.1% ± 0.36 for I-HSSF), when the mean value of clarified water was 

4.43 ± 0.76 NTU. In the fifth month, higher turbidity of the influent was observed, 33.7 ± 25.4 

NTU, with removal rates of 83.6% ± 7.2 for C-HSSF and 82.9% ± 7.2 for I-HSSF, values 

similar to those reported by Jenkins (2011) and Frank et al. (2014). Water produced by both 

HSSFs showed average turbidity values below the maximum limit accepted of 5.0 NTU, 

recommended by the World Health Organization (WHO, 2017).  

The greatest efficiency of apparent colour removal was achieved in the second month 

of operation with 92.2% ± 1.35 for I-HSSF and 87.9% ± 2.45 for C-HSSF. Ellis and Wood 

(1985) reported that slow sand filtration is a process in which low removal of humic substances 

occurs from raw water. No significant difference was perceived in the apparent colour 

produced by I-HSSF and C-HSSF (p = 0.8345). In the second month, the removal of true 

colour was 80.6% ± 1.8 for C-HSSF and 81.8% ± 0.57 for I-HSSF, with no significant 



 
 

difference between I-HSSF and C-HSSF (p = 1). The average true colour value of both I-HSSF 

and C-HSSF was near the limit of 15 HU established by the World Health Organization (WHO, 

2017). 

In the water produced by the HSSFs, the mean pH value of the affluent (6.83 ± 0.18 

pH) increased to 7.1 ± 0.2 pH for C-HSSF and 6.9 ± 0.2 pH for I-HSSF, due to the contact of 

the water with the filter medium (Sabogal-Paz et al. 2020). A significant difference was 

observed between the filters (p = 0.008). 

Regarding electrical conductivity, the mean value of the influent water in 8 months of 

operation was 54.2 ± 8.28 µS cm-1. Filtered water produced by C-HSSF and I-HSSF showed 

average values of 53.00 ± 7.11 µS cm-1 and 53.09 ± 7.36 uScm2, respectively, which is similar 

to the value of influent water. The leaching effect of the filter bed did not lead to effective 

increase conductivity, as observed by Sabogal-Paz et al. (2020), who used an effluent with low 

concentrations of mineral ions to feed the HSSFs. No significant difference was detected 

between the HSSFs (p = 0.768). 

As shown in Table 2, the reductions in total coliforms were 1.6 ± 0.4 log for C-HSSF 

and 1.4 ± 0.06 log for I-HSSF, nonetheless no statistically significant differences were 

observed between the filters (p = 0.714). The reductions in E.coli were 2.2 ± 1 log for C-HSSF 

and 1.6 ± 0.01 log for I-HSSF, with a significant difference between the filters (p = 0.02).  

The lower filtration rate in C-HSSF favoured the E. coli reduction compared to the I-

HSSF. This result is in accordance with previous studies which compared performance between 

continuous and intermittent filters (Maciel and Sabogal-Paz, 2020; Young-Rojanschi and 

Madramootoo, 2014). The importance of the filtration rate was highlighted in the study of 

Freitas et al. (2021) in which no difference was found in evaluated parameter efficiencies 

between continuous HSSF with the same filtration rate and different media depth.  



 
 

The average reduction of E. coli was similar to that observed in other studies (Elliott et 

al., 2008; Kennedy et al., 2013; Stauber et al., 2006). Although the total coliforms and E. coli in 

the filtered water were counted, the C-HSSF model presented protected efficiencies (> 2.0 log) 

against bacteria (WHO, 2014). Nevertheless, it would be desirable to perform post-treatment 

disinfection in terms of meeting the World Health Organization guidelines (WHO, 2017). 

WHO (2017) recommends the direct measurement of disinfectant residual as a warranty of 

water quality, rather than bacterial count.  

The decays in dissolved oxygen in relation to the influent water observed in the 

filtered water were 11.45% ± 0.83 for C-HSSF and 10.97% ± 0.70 for I-HSSF. These 

reductions were associated with both actions of microorganisms in their metabolic activities 

and chemical action of the substrate (Taft et al., 1980). No significant difference was observed 

in the DO reduction between the HSSFs (p = 0.8266). 

 

3.4. Dissolved Oxygen microprofiles 

 

DO microprofiles obtained from the non-woven blanket of I-HSSF and C-HSSF 

throughout the months showed a similar trend, therefore only those obtained in the first month 

are presented (Figure 4).   



 
 

 

a) DO microprofile of non-woven synthetic fabric installed in C-HSSF in a filter run period.  

 

 

b) DO microprofile of non-woven synthetic fabric installed in I-HSSF in a filter run period. 

Figure 4. DO microprofile of non-woven synthetic fabric installed in the HSSFs. At the 

beginning and at the end of each profile, DO concentrations are the same and correspond to the 

immersion water concentration of the samples. 
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The microsensors measured the entire thickness of the blanket samples, and at the 

beginning and end of each microprofile, the DO values were almost the same. They are 

relatively stable values, because they are measurements obtained in the immersion liquid 

(water) that is on and under the samples, where the action of biofilms is not effectively 

observed (Sarti et al., 2016; Lewandowski & Boltz, 2011). 

The maximum values of DO depletion were obtained near the bottom of the blanket 

samples, which are in contact with the surface of the HSSF filter bed. No anaerobic region was 

observed in the microprofiles, as the measurements were maintained above 1.0 mg L-1. Low 

DO concentrations limit the biofilm development (Donlan, 2002). 

DO measurements taken by microsensors revealed the absence of a first inflection 

point, which might determine the biofilm surface (boundary layer) (Lewandowski et al., 1990) 

for assisting the effective measurement of the biological layer thickness. However, the presence 

of DO concentration gradients was observed. Their depletion is relatively low, when compared 

to the microprofiles obtained in biofilms adhered to media applied to the treatment of 

wastewater (for example). A rapid DO decay is observed from the boundary layer, in some 

cases anoxia at the base of the biofilms (Sarti et al., 2016). 

Figure 5 shows the relationship between the HSSF progressive efficiency increase in 

the removal of turbidity and the progressive increase in the DO depletion in non-woven 

blankets during the first month of operation. In this period, the mean turbidity removal was 

83.10% ± 0.82 for C-HSSF and 80.00% ± 1.30 for I-HSSF. 



 
 

 

Figure 5. The relation between Maximum DO depletion observed in the non-woven synthetic 

fabric samples for C-HSSF and I-HSSF and turbidity. 

 

In the last measurement of the first filter run (fourth week), the DO depletion was 

observed in the blanket of 2.32 mg L-1 and 3.67 mg L-1, respectively for C-HSSF and I-HSSF. 

The intermittency condition in the hydraulic flow could have influenced the way the particulate 

material suspended in the liquid medium is sedimented on the blankets, thus influencing the 

mass transfer on a microscale (Lewandowski & Boltz, 2011). More prominent biofilms 

collaborated positively to the result of HSSFs (drinking water production), obtained over the 

time of operation in a process known as HSSF ripening (CAWST, 2012). 

DO gradients in biofilms adhered to HSSFs have not been investigated by 

microsensors, however, according to Ranjan & Prem (2018), organic matter together with 

microorganisms in a liquid medium rich in dissolved oxygen is a favourable environment for 

biofilm formation. Therefore, the DO depletion observed in the HSSF blanket samples is 

directly related to the respiration of microorganisms in their metabolic activities (Ranjan & 

Prem, 2018) and the chemical action of particulate matter deposited on the non-blanket samples 

by the affluent water (Taft et al., 1980), such as mineral crystals, corrosion particles, clay or 

mud particles (Donlan, 2002).  
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The increasing supply of suspended material contained in the liquid medium, together 

with the accumulation of EPSs produced by microorganisms in their metabolic activities lead to 

a natural filling of HSSFs, characterised by increased pressure loss, which decreases both water 

production and diffusivity of dissolved oxygen in the biofilm (Logsdon et al., 2002). Since 

most of the slow sand filtration is expected to be conducted by a wide range of microorganisms 

(Wakelin et al., 2011), the progressive depletion of DO observed can limit the microbiological 

development, restricting access from active biota to oxygen from water (Ranjan & Prem, 2018). 

There were no differences in DO depletion in the non-woven synthetic fabric between 

I-HSSF and C-HSSF considering the 8 months of operation (p = 0.98). The values were 

respectively, 1.88 ± 0.90 mg L-1 and 1.87 ± 0.56 mg L-1. It was expected that there would be 

greater oxygen depletion in the I-HSSF, since the water remained at rest for the 12-hour pause 

period in this unit.  

Young-Rojanschi and Madramootoo (2014) observed lower DO concentration on the 

top of the intermittent filter with a 24-hour pause period compared to the continuous filter. 

Young-Rojanschi and Madramootoo (2014, 2015) used sensors installed on the side of the filter 

to measure DO. They admitted that the absence of sensors immediately in the schmutzdecke 

when discussing the data was a limitation of the study.  In contrast, microsensors used in our 

study were able to perform DO measurements with precision and spatial distribution of the 

entire non-woven synthetic fabric thickness. 

 

4. CONCLUSIONS 

DO microprofiles obtained in the non-woven blanket revealed the presence of gradients of 

dissolved oxygen, intensified during the time of operation by the biofilm development. 

Therefore, the process ripening progressively restricts the penetration of dissolved oxygen into 



 
 

biofilms, and consequently the HSSF efficiency increases. Statistical analyses of the maximum 

oxygen depletion values showed no significant difference between the HSSFs studied. 

No anaerobic region was observed in the DO microprofiles of both C-HSSF and I-HSSF.  

No significant differences between C-HSSF and I-HSSF efficiencies were found, except for 

E.coli, which showed a greater reduction in the C-HSSF. Both C-HSSF and I-HSSF produced 

water with turbidity and true colour near or slightly higher than the limit value established by 

WHO. Regarding bacterial parameters, the reduction achieved by the C-HSSF above 2 E. coli 

log classifies the model as a protective technology. 

More research is necessary for a better understanding of the role of the biological layer and 

its relationship with dissolved oxygen to increase the filtered water quality. 
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